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ABSTRACT 


The water vapor sorption isotherms of onion were determined for 
the temperature range 10 < T < 45, and the water activity, 0.11 < a < 
1.00. B.E.T. monolayers, heat of sorption and surface areas were cal- 
culated from the isotherms. By using the surface areas obtained from 
the B.E.T. analysis an attempt was made to calculate thermodynamic 
functions such as molar entropy and equilibrium heat of sorption. 
Isosteric heat of the water adsorption and desorption were obtained by 


applying the Clausius-Clapeyron equation. 


Dehydration experiments with onion slices were carried out ina 
Vibro Fluidizer with air at different temperatures and flow rates. 
Drying-rate curves were constructed and used for the calculation of heat 
and mass transfer coefficients, effective diffusivity of moisture through 
the slices, Biot number, and the parameters q and #, which determine the 
degree of internal and external mass or heat transfer control. Rehydra- 
tion rates at 25 and hO°C were also determined and found to be independent 
of drying conditions. To relate the removal of moisture to the loss of 
volatiles, a method of analysis which was suitable for routine quali- 
tative and quantitative determinations of the volatiles of fresh and 
processed onion was developed following a comparison of techniques for 
analyzing onion aroma. Volatile components in headspace were identified 
and analyzed by gas chromatography-mass spectrometry utilizing an 


on-column entrainment procedure. 


The volatilities of propanethiol, 2,5-dimethylthiophene, methyl 
propyl sulfide, dimethyl disulfide, dipropyl disulfide, allyl methyl 


sulfide, diallyl sulfide, diallyl disulfide, ethanal, propanal, 
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methanol, ethanol, %1-propanol and 2-propanol in dilute water 
solutions were also studied experimentally by gas chromatography. The 
volatilities of these compounds varied appreciably. They were higher 

for thiols, thiophenes and monosulfides, than disulfides, aldehydes or 
alcohols. The results for aldehydes and alcohols confirmed earlier theo- 
retical predictions by other authors that at goa the volatility in very 


dilute solution increases as the carbon chain gets longer. 


The retention of four onion volatiles was then studied as a 
function of drying rate, location of the volatiles in the onion, and some 
physico-chemical properties of the components. It was shown that percent 
retention of propanethiol, methyl propyl disulfide, dipropyl disulfide 
and propanol is almost linearly related to moisture content with a break 
in the curve at different points depending on the compound examined and 
drying rate. Evidence is also presented that the quantity of aroma 
retained by dried onion slices is dependent on the initial concentration 
of the volatile, solids concentration and properties of the aroma com- 


pounds. 


Intensification of aroma during rehydration of onion was also in- 
vestigated by rehydrating samples with water and cysteine solutions. 
For this last aspect of the study, rehydration temperatures of 22 and 
ho°c, and four flavour development times were investigated. Samples re- 
hydrated with cysteine solution generally gave less total volatiles when 
the development period was 15, 30 or 60 min, and more after 2 hours than 
water rehydrated samples. Propanal, propanol and propanethiol contents 
were always higher in samples rehydrated with water. The plausible re- 


actions responsible for the observed effect of cysteine are discussed. 
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drated at 25°C. 


Dipropyl disulfide content in percent of the 
initial amount in drying Yellow Globe and White 
Globe type onions, as a function of drying 
time. 


Cross section of ripe onion scale tissue stained 
with 1% aqueous silver nitrate. 


Schematic representation of a drying onion slice 
with representative aroma-containing cells. 


Dipropyl disulfide content in percent of the 
initial amount in drying Yellow Globe type 
onion, aS a function of the moisture content of 
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the onion slices dehydrated at 25, 40, 50 and 
65°C, and 8.1 m3/min drying air volumetric flow 
rate. 


Effect of temperature on the critical moisture 
content of dipropyl disulfide content. 


Gas chromatograms of headspace volatiles 
developed from onion at 40°C and trapped on 
Tenax-GC for 15 min. 


Gas chromatograms of headspace volatiles 
developed from onion at 22°C and trapped on 
Tenax-GC for different times. 


Formation of carbonyl compounds in onion, as 
proposed by Boelens et al. (1971). 

Graphical method for the evaluation of Derr¢, B, 
and Fo. 


Onion bulb sections with zones of tissue desig- 
nation pertinent to the present study. 
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Symbol 


LIST OF SYMBOLS 
Definition 


Solid specific surface area, soagigae solid 


20 nevrelecile 


Area of water molecule, 10.6 x 10. 
Water activity (-) 

Brunauer, Emmet and Teller 

Biot number (-) 


Constant defined by equation (2.1) 


Constant reflecting the geometry of the porous 
medium, = €/T“, where & = voidage and T“ = tortuosity. 


Binary diffusivity in the free gas, = 25.6 aE: at 
25°C for H.O - air. 


2 
Effective vapor space diffusion coefficient, m-/S 
Effective diffusion coefficient, 7S 
Fourier number (-) 
External heat transfer coefficient, J/s wae 
Hectare 
Equilibrium heat of sorption defined by equation (2.4) 
Molar heat of sorption, J/kg mole 
Thermal conductivity, w/mK 


External mass transfer coefficient, m/s 


Combined external heat and mass transfer coefficient. 
defined by equation (3.3) 


Characteristic piece dimension, m 


Molecular weight of water, 18 kg/kmole 


Avagodro's number, 6.023 x 1026 molecules/kmole 


Molar flux of water, kmole/m*s 
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Symbol Definition 


P Pressure, Pa 

ee Vapor pressure of pure water at T, Pa 

Pe Water vapor pressure exerted by the food material, Pa 
Cb lsosteric heat of sorption defined by equation (2.3) 
R Gas constant, 0.46188 kJ/kg K or 8.3143 x 10? J/kmole K 
RY Gas constant, 8.3143 x 102 J/kmole K 

So Entropy of water vapor at T, kJ/kg K 

Sy) Molar entropy of liquid water, kJ/kg K 

S. Molar entropy of adsorbed layer, kJ/kg K 

AS Molar integral entropy, kJ/kg K 

fi Temperature Sp or K 

Top Dry bulb temperature, oC 

Tp Wet bulb temperature, ae 

V Volume of piece, m? 

Vv Air velocity, m/s 

Ww Weight of sample, kg 

X Moisture content, kg H,0/kg Dry Matter (D.M.) 

xX. Critical moisture content, kg H,0/kg D.M. 

x Equilibrium moisture content, kg H.0/kg D.M. 

xX Monolayer moisture content, kg H,,0/kg D.M. 

x, Moisture content of fresh onion, kg H,0/kg D.M. 

ot Defined by Equation (3.6) 

Oe Volatility of aroma component relative to water (-) 
g Defined by Equation (3.5) 

68 Time, min or h 

) Spreading pressure defined by Equation (2.5) 
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Symbol 


Surface 
Heat of 
Density 
Density 
Density 
Density 


Density 


Definition 


concentration, X/A, kg H0/m- solid 
vaporization of water, kJ/kg 

of onion slices at x, 

of water, | iene 

of condensed phase, kg/m? 
of the solid with no moisture, kg/m 


of vapor phase, ko/me 
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|. GENERAL INTRODUCTION 


Onion (AlZtwn cepa L.) has had a long and interesting history of 
use aS a vegetable and spice. It probably originated in Western Asia 
and has been under cultivation for 5,000 or more years (Jones & Mann, 
1963). The demand for onions is world-wide. Their use is not limited 
to any climate or associated with any nationality, and they are as widely 
grown as any cultivated crop. The leading onion producing countries 
are the United States, China, India, the Soviet Union, Japan, Spain, 
Turkey, Egypt, The Netherlands and Italy. World production in 1977 
was 17.4 million tonnes, with a rather steady trend upward (Table 1). 
Europe produced 5.1 million tonnes; North America, 1.7; South America, 


eee AS4 ait, 9s Atmica.. b> and\Oceani-a,. 0015-(PiAcQes 1978). 


Canadian onion production in 1977 was 117,482 tonnes, the second 
largest production ever. Table 2 shows crop data including acreage, 
yield, production, tarm price and farm value from 1958 to 1978. Since 
the farm value was about 30% of the retail value, in 1977 the retail] 
value was over $36 million. Canada is, however, a net importer of 
onions. Imports in 1977 were 57,102 tonnes of fresh onions, and 1,895 
tonnes of dehydrated onion, worth over $16.4 million. In 1977, onion 
exports amounted to 9,692 tonnes with a value of $2.4 million. The net 
Canadian foreign trade deficit, resulting from the onion trade, was 
$14 million. Tables 3 and 4 show the quantity and value of 
Canadian onion imports and exports from 1973 to 1977. Canada receives 


onions mainly from the United States, New Zealand, Mexico, Spain and 
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Table 1, World onion area harvested, yield and production (F.A.0., 
1978). 

Area Yield Production 
Year (1,000 ha) (kg/ha) (1,000 mt) 
1961-65 1,085 10,791 Lie 703 
1974 1,404 11,598 16,288 
1975 1,412 10 a fe hs 5,705 
1976 1,463 11,145 16,303 
1977 Ps aeo 11,408 yos 
Table 2. Canada onion acreage, production, farm price and value, 1958 


-1978 (Statistics Canada, 1978a). 


Average Total 
Yield Production farm price farm value 

Year Hectares (kg/ha) (Tonnes) ($/kg) ($1,000) 
1958 2,545 20,017 50,943 0.07 3,740 
1959 2,930 2095 63,568 0.06 Bee S' 
1960 31,48 25s 79,131 0205 3,946 
1961 3,242 2153613 70,069 0.08 5755 
1962 bidet 29,116 102,401 0.06 6,185 
1963 3,889 29,376 114,248 0.05 5,638 
1964 3,760 25,224 94,842 0.06 5,409 
1965 Sie Fs Bey be 25,999 0.04 4 903 
1966 3,407 25,058 55375 0.09 7,664 
1967 3,561 25,098 89,374 O07, 6,578 
1968 3,638 ce 113,401 0.05 oie F 
1969 3,594 25 , 867 92,966 0.09 8 , 368 
1970 S522 27, 761 1005552 0.05 4,941 
197] 3,505 29,410 103,083 0.06 6,590 
1972 3,460 7 iS 0 He 80,005 0.16 125.756 
1373 3,634 26,088 94,805 O..12 11,014 
1974 3,368 29,356 98 , 869 OQ. 12 11,616 
1975 37352 29,845 100,040 0.16 16,036 
1977 3,649 32,169 117,982 0.09 10,959 
1978 3,868 N/A N/A N/A N/A 
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Table’ 3: 


Table 4. 


Year 


1973 
1974 
1975 
1976 
1977 


Table, 5- 


Imports of fresh onion 


Canada, 1978b) 


Year 


1973 
1974 
io 
1976 
1977 


Quantity 
(1,000 kg) 


41,756 
38,992 
43,988 
70,978 
27,102 


Value 
($1,000) 


8,772 
95397 
10,531 
9,830 
13,627 


into Canada, 1973-1977 (Statistics 


Exports of fresh onion out of Canada, 1973-1977 (Statistics 


Canada, 1978c). 


Domestic Exports 


Quantity 
(1,000 kg) 


12,797 
7,909 
13,220 
13,073 
97,625 


Value 


($1,000) 


37,057 
1,614 
2,522 
EGE 
2,320 


Re-exports 


Quantity 
(1,000 kg) 


402 
114 


1520 
57 


Value 
($1,000) 


151] 
48 
403 
37 


Per capita disappearance of onions, not processed, 1974- 


1977 (Statistics Canada, 1979d)’. 


Year 


1974 
1975 
1976 
Fiat 


Fresh equivalent 


5.67 
oe 
6.27 
6.19 


kilos/year 


g/day 


151653 
16.74 
L7 hz 
16.97 
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Australia; and exports to the United Kindom and the Caribbeans 
(Statistics Canada, 1978c). Per capita Canadian consumption of onion 
has remained relatively stable during recent years (Table 5), but popu- 
lation increases in the years ahead will require expansion of the 


industry to maintain imports at current levels. 


Alberta is a minor producer of onions, with only 1.57% of Canada's 
total production in 1977. Table 6 shows Alberta onion acreage, pro- 
duction and farm value from 1965 to 1978. There has been interest in 
increasing onion production in Alberta; however, expansion has been 
limited by the climatic difficulties at harvest, the high labor require- 
ment and the relatively high production cost. If onion production in 
Alberta is to expand to its potential, information must be developed 
which will allow the area to become more competitive through increased 
yield, lower labor requirements, lower production costs, and extended 
marketing periods. This cee eae has stimulated work on genetical 
and environmental factors and on methods of storing and processing the 


crop. 


Dehydration is the most important method for processing of onion. 
Dehydrated onion enjoys a ready market, can be stored and transported 
at relatively low cost and, if processed in Alberta, it could easily be 
marketed through existing domestic and international distribution and 
retailing channels. This study was undertaken to develop infirmation 
on the dehydration process of Alberta-grown onions and to relate the 
volatile losses which occur during processing to the removal of moisture. 
Specifically, the aim of the study was to explore the interactions 


between solid, water and aroma compounds through the evaluation of: 
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Table 6. Alberta onion area, average yield, production, average price 
and farm value, 1965-1978 (Statistics Canada, 1978a). 


Average Average Total 
yield Production farm price farm value 
Year Hectares (kg/ha) (tonnes) ($/kg) ($1,000) 
1965 162 14,988 2,428 0209 224 
1966 154 12,200 en ie 0.10 196 
1967 89 4,135 265 6 ta Fs 38 
1968 129 6,526 842 O-t2 99 
1969 73 6,588 474 0.15 60 
1970 162 8,736 1,415 0.10 142 
1971 33 95709 908 0.10 a2 
1972 12] 11,246 1,361 0.10 m5 
1973 121] 23 lhh 2,868 0.19 425 
1974 89 12,280 847 0.2] 178 
1975 20 13,610 272 Deis LO 
1976 69 28,741 1,983 O20 224 
Us ee | hg 34,214 1,676 0.18 269 


1978 4g N/A N/A N/A N/A 
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(1) 


(2) 


(4) 


(5) 


(6) 


Water sorption properties - essential for the interpretation of 
drying data and directly useful in the design of drying equipment, 


chemical stability and packaging of dehydrated products. 


Dehydration process - studied in terms of evaporation, diffusion 


and sorption processes. 


Analytical procedure for analyzing onion aroma - essential for 
routine qualitative determinations of the volatiles of fresh and 


processed onion 


Relative volatilities of aromatic components - essential for the 


interpretation of aroma retention data. 


Aroma retention - studied as a function of drying rate, location 
of the volatiles in the onion, and some physico-chemical properties 


of the components. 


Intensification of aroma - by addition of aroma precursors to the 


water used for rehydration of the processed product. 
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11. DEHYDRATION OF ONION 

l. LITERATURE REVIEW 
1.1 Dehydration of onion as a commodity 

Dehydrated onion has become a standard ingredient in nearly every 
processed food product in which raw onion can be used. A large part of 
the dehydrated onion production is used as seasoning in production of 
catsup, chili sauce and meat casseroles, as well as cold cuts, sausages, 
mayonnaise, salad dressings, pickles, potato chips, crackers and other 
Snack items. Food service outlets also use dehydrated onion because of 
its convenience in storage, preparation and use. The quantity of de- 
hydrated onion and other dehydrated horticultural crops sold to the 
retail market is, however, still very small and this can be attributed, 


in part, to the large loss of flavour which occurs during processing. 


The oldest commercial method of onion dehydration involved the use 
of tunnel driers, (Van Arsdel and Copley, 1964). Chopped or diced onions 
were spread evenly on wooden trays, 6.1 kg/m’, and hot air between 71 and 
88°C was blown on the onion in the first stage of drying for three to 
four hours. Cooler air at 49° was used at the later stage to remove 
moisture from the onions. When the onions were dried to between 5 and 
7% moisture they were transferred to bins and dried in hot air until the 
desired moisture level of 3 to 4% was obtained (Van Arsdel and Copley, 


1964; Noyes, 1969). 


Drying on wooden trays was effective and relatively inexpensive 
except for one major problem. Partially dehydrated onions are highly 
adhesive and they tend to adhere to the wooden trays. If not properly 


removed, these adhered particles would char and burn under prolonged 
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exposure to the constant heat. The only means of removal was by scraping, 
and washing. Sometimes loses due to mechanical injury and burning 

reached as high as 10%. Furthermore, wooden trays had a much shorter 

life span than expected due to scrubbings and washings (Van Arsdel and 


Copley, 1964; Noyes, 1969). 


The introduction of stainless steel conveyor belt dehydrators 
eliminated most of the damage caused by adhesion. It also provided a 
means of continuous processing. In a conveyor belt dehydrator the onion 
slices are automatically spread on a continuous stainless steel perfor- 
ated belt. Hot air is blown through the bed of onions on the belt, 
alternately flowing upward in one section of the drier and downward in 
one or more following sections. The temperature of the air is gradually 
reduced from about 80°C to about 50s ce as the product moves through the 
stages of the drier. The product leaves the belt drier at about 6% 


moisture in approximately 6 h (Stark, 1962). 


The partially dried slices are then ''finished'' in bins, where some 
additional moisture is removed and inequalities, ''wet spots'' and ''dry 
spots'', are mostly evened out. In this finish drying operation, the 
product is brought to less than 4% mean moisture content by blowing 
warm dehumidified air, temperature 49°C and absolute humidity not over 
0.003 kg moisture per kg of dry air, through ductwork into the per- 
Foraved bin bottom and through the product. This operation may take 
from 12 to 30 h, depending on the size of the dry pieces, the desired 
final moisture, the volume, temperature, and humidity of the air forced 
through the product, the initial moisture of material going into the bins, 
and the depth of material in the bin (VanArsdel and Copley, 1964; Noyes, 


1969). 
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Conveyor belt dehydrators are however, still wasteful of space, 
time, manpower and product. To overcome these problems, Van Gelder 
(1962) developed and patented a process by which space requirements can 
be reduced. The process is based upon the discovery that the rate of 
gaseous treatment of materials is enhanced when the material is subject- 
ed simultaneously to: a) a high velocity gas flow, passing upwards 
through the material, sufficient to cause fluidization of the material 
within the treating zone, and b) a vibratory motion of such a nature 
and extent that the fresh surfaces of the material are exposed to the 


flow of the treating gas. 


According to this process, treatment (drying, cooling or steriliz- 
tion) can be with heated, chilled, dehydrated and/or humidified gases, 
or any combination of these. As a further variation, treatment may be 
accompanied by exposure of the material to radiation of the high fre- 
quency range (e.g., microwaves or radiation in the infrared range), or 


to ultrasonic sound waves, or to a combination of these. 


Fleming & Poole (1969) described a four-stage fluidized bed drying 
system for onion dehydration which they claimed can produce 500 kg of 
onions per hour containing 3.5% moisture from a wet basis of 86%. The 
system, according to the authors, uses standard fan power mixer units in 
a variety of ways to produce optimum conditions of air circulation for 
the various stages of drying. It is efficient, has guaranteed uniformity 


of production and is sanitary. 


Rogers Brothers Company of California, one of the four major pro- 
cessors of dehydrated onion (the other three are: Basic Vegetable 


Products Inc., Vacaville, Ca.; Gentry International, Inc., Gilroy, Ca.; 
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and Gilroy Foods Inc., Gilroy, Ca.), in 1971, completed the construction 
of a 1.2 million dollar expansion of their plant in Livingston, Cali- 
fornia (Anon. 1971). This expansion features a 66 m long dehydrator 
built by Proctor and Schwartz, Inc. of Philadelphia, Pennsylvania. 

This four-stage dryer is believed to be the largest onion dehydrator 
ever built. It has a capacity of over 4,500 kg/h of raw product and 
incorporates most of the desirable features of the above described 


driers. 


Dehydrated onions are commercially sold in may size classifica- 
tions; the most common types are sliced, chopped, minced, granulated 
and powdered (Foster, 1968). As much as one-third of the final dehy- 
drated material may end up as onion powder, although much care is 
exercised during all the handling to minimize the formation of this 


relatively lower-valued product. 


For institutional and military trade most dehydrated onions are 
packed in hermetically sealed No. 10 cans; for shipment to remanufac- 
turers using larger quantities, 0.022 a triple-friction top cans and 
O211d.to 0225 m> fiberboard drums with polyethylene or aluminum foil 
moisture barriers were used. A variety of containers, such as plastic 
or aluminum bags, jars, and chipboard boxes, are used for the growing 


retail market. 


The increased size and efficiency of the onion dehydration plants 
in recent years, has resulted mainly from improved technology and pro- 


duction methods which have enhanced the performance and quality of the 
product to such an extent that, at least in California, a stable indus- 
try has developed. If further growth of the onion dehydration industry 
is to be expected, improvement of the product quality through better 


understanding of the drying process is essential. 
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Water Sorption Properties 


An important characteristic of food products, which influences 
several aspects of drying and storage is their equilibrium moisture 
content. There is a well established relationship between water 
sorption isotherms and chemical, physical and stability character- 
istics of dehydrated food products (Loncin et al., 1968; Labuza, 
1968; Labuza et al., 1970; Karel, 1975). Sorption isotherms of 
food products constitute an essential part of the theory of 
drying (King, 1968) and also provide information directly useful 
in the design of drying equipment. Knowledge of the equilibrium 
moisture content is also important in the prediction of equi- 
librium conditions after mixing products with varied water 
activities (Salwin & Slawson, 1959) and in the study of packaging 
of dehydrated vegetables. The equilibrium values yield information 
concerning the vapor pressure of water within the package and are 
thus helpful in estimating, from known permeability data, the 
effectiveness of the packaging membrane in protecting the dried 
material against moisture uptake. The determination of equilibrium 
moisture contents for dehydrated foods also provides valuable infor- 
mation on the thermodynamics of water sorption, since from existing 
theories (Young & Crowell, 1962), thermodynamic functions can be 
calculated from the sorption isotherms. Thermodynamic functions 
allow for the theoretical interpretation of experimental results 
in accordance with the statements of the theory. For instance, 


the variation in entropy can be related to the order/disorder 
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concept, which is useful for the interpretation of such processes 
as dissolution, crystallization and swelling, which usually occur 
during water sorption by food products (Iglesias et al., 1975a; 


Karel, 1975). 


Procedures for obtaining water vapor isotherms for foods have 
been described in detail by Taylor (1961), Karel & Nickerson (1964), 
Labuza et al. (1976) and Troller & Christian (1978). Two are more 
common ly wee The first is one in wiich the material is placed in 
vacuum desiccators containing saturated salt solutions or sulphuric 
acid solutions which give a certain equilibrium relative humidity. 
The composition of salt solutions for the various humidities 
necessary for food isotherms have been compiled by O'Brien (1948), 
Wink & Sears (1950), Richardson & Malthus (1955) and Rockland (1960). 
The second method, as used by Makower & Meyers (1943) and Taylor 
(1961), the vapor pressure of water in equilibrium with a food at 
a given moisture content is measured by a sensitive manometric 
system. Relatively high precision (+ 0.02 a.) has been claimed for 
this technique by Sloan & Labuza (1975) and Labuza et al. (1976). 
Unfortunately, instruments capable of measuring wide vapor pressure 
differences are cumbersome and extremely fragile. Also, absolute 
uniform temperatures and a high degree of thermometric accuracy 


are required. 


To describe the equilibrium moisture content, temperature and 
relative humidity relationships of biological materials, at least 
77 equations have been proposed or used (van den Berg & Bruin, 1978). 


These models eventually fall under three types of approaches: a) 
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kinetic, b) potential, and c) capillary condensation. 


The classical kinetic approach to isotherms has been that of 
Langmuir (1918). This model describes the adsorption of a mono- 
layer of vapour on the surface of the solid material and results 
in an isotherm consisting of two portions: an initial curved 
section which is concave downward, and a straight section. The 
isotherm may be derived from either a balance of the vaporization- 
condensation rate or from molecular vibration residence times, and it 
may also be derived thermodynamically. Unfortunately, for most 
food material, the Langmuir model does not hold for the following 
reasons: 1) the surface is composed of many differing sites with 
different attractions for water vapour; 2) interaction between 
absorbed molecules probably occurs, whereas the model assumes no 
interaction; and 3) the maximum adsorption possible is much larger 
than just the monolayer. An improvement upon the Langmuir mode] 
was made by Freundlich (1926). He assumed that the isotherm was 
composed of a series of monolayers adsorbing on a surface composed 
of heterogeneous sites. In this case, the total amount adsorbed 
is equal to the sum of the Langmuir isotherms, each with its own 
heat of adsorption. As is the case for the Langmuir isotherm, this 


is of little relevance to most food materials (Labuza, 1968). 


The isotherm model with the greatest popularity is the Brunauer- 
Emmett-Teller (B.E.T.) isotherm after the work of Brunauer et al. 
(1938). The basic assumptions made are: 1) the heat of sorption 
for the first layer is constant and equal to the total heat of 


vaporization plus a constant heat due to site interaction, 2) the 
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heat of sorption for all layers above the monolayer is equal to the 
heat of vaporization, and 3) sorption occurs only on specific sites. 
Since these assumptions are not entirely true for most materials, 
the B.E.T. model usually holds only between activities from 0.1 to 
0.5, but this is enough to calculate the monolayer coverage of the 


surface by water. 


Several isotherm theories have been based on the force field 
caused by the surface of the solid material, of which the Polanyi 
(1928) and the Harkins-Jura (1944) models are most important. The 
disadvantage of these modelsis, however, that they cannot success- 
fully be used to predict the monolayer value which is of prime 


importance to the food field (Labuza, 1968). 


Sorption models based on the capillary condensation phenomenon 
include among others, the Henderson (1952), Kuhn (1964) and 
Day & Nelson (1965) equations. .These and other models have been 
reviewed by Young & Crowell (1962), Adamson (1967), Labuza (1968), 
and recently by Chirife & Inglesias (1978), who summarized 23 


equations for fitting water sorption isotherms of foods. 


Extensive measurements of moisture sorption have been reported 
for dehydrated potatoes (LeMaguer et al., 1976; Strolle & Cording, 
1965; Gorling, 1958), wheat flour, starch and gluten (Bushuk & 
Winkler, 1957), sugar beet root ( Iglesias et al., 1975a), corn (Chen 
& Clayton, 1971), rice (Zuritz et al., 1979), wheat (Day & Nelson, 
1965), garlic powder (Pruthi et al., 1959), grapefruit, banana, pine- 


apple, peppermint, laurel, cardamon, thyme, chamomile, anise, nutmeg, 
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cinnamon, lentil, tapioca, ginger and others (Wolf et al., 1973; 
Iglesias & Chirife, 1976). Thermodynamic quantities found from the 
temperature dependence of sorption isotherms have also been reported 
for several commodities including potato starch (Stitt, 1958), and 
Sugar beet root and its main components (Iglesias et al., 1975a, b), 
but little published information is available on the water sorption 


properties of dehydrated onion. 


Dehydration of solid foods 

In spite of the considerable effort and some progress made in 
recent years in the understanding of the chemical and biochemical 
changes that occur during dehydration and in some isolated studies 
on the mechanism of food dehydration (Jason, 1958; Fish, 1958; 
Saravacos & Charm, 1962; Roman et al., 1979), drying of solid 


foods remains still largely an art (Fulford, 1969). 


The drying of solid foods, such as onion, is usually taken to 
mean the removal of moisture from the solid by evaporation. The 
evaporated moisture is carried away by means of an external drying 
medium circulated over the drying solid; often this medium consists 
of dry air, which may also be heated to act as the heat transfer 


medium. 


The basic theory of the drying of solids was developed through 
the study of inorganic materials, and certain principles of drying 
in the chemical industry were adapted to the food industry. In 
the drying of clays and other industrial materials, two periods of 


drying were found: the constant-rate period and the falling-rate 
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Period. The moisture content at the transition point (critical 
moisture content) is characteristic of each material for a given 
set of drying conditions. The mechanism of drying during the 
constant-rate period is fairly well understood. The rate of 
drying per unit surface area depends entirely on parameters 
external to the solid being dried, such as the velocity, tempera- 
ture and humidity of the drying air. If the external conditions 


are constant, then the drying rate in this period is constant. 


In the constant-rate period it is also known that if all the 
heat for evaporation of water is supplied in the drying air 
(convective drying), the temperature of the solid will equili- 
brate at or close to the wet-bulb temperature of the air. Hence, 
the material temperature and rate of drying are both fairly 


easily calculated for this period (Charm, 1971). 


In the falling rate period an additional resistance to 
moisture transfer arises inside the material being dried, since 
there is no longer free moisture on the entire surface. In 
many cases, the internal resistance to moisture transfer becomes 
limiting, so that the various methods which can be used to 
intensify drying in the constant rate period become of limited 
use. In addition, the material temperature will no longer be 
at the wet bulb temperature even in the case of convective 
drying, so that it becomes necessary to take into account both 
temperature and moisture content distributions in the body 


(Fulford, 1969). 
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There are many published mathematical models available for esti- 
mating simultaneous heat and moisture transfer in dehydrated 
material (Henry, 1948; Krischer, 1963; Lykov & Mikhailov, 1965; 
Whitney & Porterfield, 1968; King, 1968; Harmathy, 1969; Berger & 
Pei, 1973; Hayakawa & Russen, 1977). The main difficulty in des- 
cribing transport of heat and mass inside porous food materials, 
based on microscopic analysis, is that the geometry of the structure 
is not easily described quantitatively, while the individual trans- 
port processes relate to local values of temperature, pressure and 


composition. 


The mathematical model provided by Henry (1948) accounts for 
the interaction which occurs during the simultaneous transfer of 
moisture and heat. According to this model, moisture transport is 
assumed to occur only in the vapor phase, and the interaction 
between heat and mass transfer is accomplished with the assumption 
that water vapor concentration is at all times during the transfer 
process a linear function of moisture content and temperature. 
Capillarity within the air space and hysteresis are neglected. 
Krischer (1963) provided a model consisting of differential heat and 
mass transfer equations which accounts for simultaneous transfer of 
water by capillary forces and by vapor diffusion in series, in 
parallel, or in more complex series and parallel combinations. This 
model requires the use of two diffusion coefficients to account for 
the two mechanisms of moisture transfer. Unfortunately, both these 
quantities depend on the nature of the material, the nature of the 
pore structure, the moisture content and temperature. The lack of 


these coefficients and the complicated calculating procedure are 


aPepe30t 21461 1a’ eaten 7 ten ‘todo aa wer 
| ee baa sug room nO 2 ssi 
: aj vat li eyes vee caer geT Bae Ris ye 
| facta’ ; Per!  vdyeriieh Poot! onTk Beet ley taaT ven vac) 
‘Sythe oat. A iezewh s nasal sete He 


‘as ; ‘ \ +o ' 7s =f a 


> 
»n hoot Byatoe eblent tesm brigade 3 Preasnged, entit 


7070 gt Fo yeismoao 389 Tendading cinghiga, siyorctat ve ws ied 


<_< 

| 1 oi 

mews (eugivion! os Sl hr yfev?detliteup beatl isapel sii 
2.3 48 . 
r ‘ - a” i thd . ‘ 
syuez>' ste ngmaad TO eSupev TeooP Smears > Fed ‘Pabpeyo%e: {7 a 
_—_ 3 v2 

7 _ a = ues i. 
4 : ‘ “: ani) raw a 
wy ils . ’ 
Pe yi : —_— — 


"Ht An eG ti ~ ainsh vi bent yaaG fandin. VeyidSpehabe a : 


Des 3 let luvke eee Ok eyo ae Qrari> | tte, tm meio 


— a * 
Pn | 3 Wa) ae Ss mts 145811) oie -* 9 Aiea ‘<Vgteed ‘te vunio , 
wu <4 ‘ar 
pevetni wtp ang Tousy shiek ti, ome! 
: ' ie 1a 4 i¢ 
} #3 

B 1 bi? (TS Fe er eed 

ai i evs ied i Tw 

Fe + ’ Le i 371635 OVO CoE 


ars! 
hve ceshiplgesas Mb 15 onl seems son | ; Beek. 


to Yetinsy] sdoSae9 lume t9) -dnuoaoRm Adin sno Tip 


esi ezeni Wo aa?? bh Ogee sel eel aE 
‘ - a4 ‘. 


Nz ib AF Vie edu 
ey mpi ioe a 
any aver Zhai 3 ho gine Feeinge 


” Ps 


18 


pointed out by Fulford (1969) as major factors detracting from the 

use of this model. Another approach to generalizing the problem of 
internal heat and moisture transfer during drying has been made by 
Lykov & Mikhailov (1965). This approach is based on the 
application of the methods of the thermodynamics of irreversible 
processes to the case of internal heat and moisture transfer during 
drying. Essentially, the moisture transfer is split into two parts, 
one due to the moisture transfer driving force, which is specially 
defined in an attempt to encompass most of the mechanisms of 

moisture transfer and which is characterized by a moisture diffusivity 
coefficient, and one due to the temperature gradient, which is 
characterized by the thermo-gradient coefficient. Lykov & Mikhailov's 
analysis, however, is not rigorous from the non-equilibrium thermo- 
dynamic point of view (Bomben et al., 1973). The solutions they 

give for the set of differential equations all assume constant trans- 
port coefficients, making the solutions unsuitable for description 

of drying foods. Whitney & Porterfield (1968) modified Henry's 
mathematical model to account for internal heat generation to simu- 


late heating of peanuts. 


King (1968) provides an interesting theoretical analysis of 
simultaneous heat and mass transfer in dehydrated foods which is 
then successfully used to account for seemingly anomalous obser- 
vations by various workers related to various moisture diffusivity 
values. The author, through the combined use of Fick's First Law 
for binary gaseous diffusion, Fourier's Law of heat conduction in 
solid, and a modified form of the Clausius-Clapeyron Equation, 


derives a variable diffusivity equation wherein the effective 
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diffusivity is a function of both temperature and moisture content. 
The assumptions made are vapor-phase diffusion only, vapor-sorbed 
moisture equilibrium at each point within the body, constant 


sorption heat, and negligible sensible heat. 


Harmathy (1969) developed a theory for heat and mass transport 
based on the assumption that all movement of moisture in porous 
material takes place in the gaseous phase. This theory seems a good 
approximation to drying of materials with low initial moisture 
content. At higher moisture contents, however, capillary transport 
and/or surface diffusion will take place in addition to the trans- 
port of water in the gas phase (King, 1968). The mathematical model 
comprises a set of second order, nonlinear partial differential 
equations and was solved numerically with convective boundary 


conditions. 


Berger & Pei (1973) used a mathematical model similar to 
Krischer's to describe drying of capillary-porous solids. Their 
model differs in that they use the sorption isotherm in the hygro- 
scopic region and the Clausius-Clapeyron Equation at greater than 


maximum sorptional moisture content. 


Hayakawa & Russen (1977) examined a procedure for estimating 
simultaneous heat and moisture transfer in an infinite slab of a 
capillary-porous material when the values of the heat transfer Fourier 
number were large. For this examination, they used analytical 
formulae obtained from the Lykov & Mikhailov model and found that 


the transfer potentials could not be estimated accurately. 
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In summary, despite efforts made to understand ane model 
the drying process of solid foods, no systematic studies of the 
dehydration of onions have been reported. It is, therefore, 
the purpose of this work to present the results of a study aimed 
at understanding the dehydration of onion slices in terms of 
sorption and diffusion processes. Rehydration rates at 25 and 
40°C are also presented and an attempt to relate the mechanism 
controlling rehydration to the one controlling moisture removal 


is made. 


20 


sAi3 5S sercule aidsiereu ae? ‘piilve 9b Zas, ora 
_ YT 
7 a a4 494 oni 1o6S5 sui! avs ‘soe Ac vo aul sn 
7 t< & 16 23) U2e 7 se? Qieeeeare eto vee ‘a ansiriug 4 a and. 
| £ ? — 
astia nollie tenors {iy he oid or haves angbry te 
7 a = 


olte oval o.2eoGoe uoTev¥ el tos foliqros 7 
5 


y 7 : 
4 “4 *¢ et ) : : g - 
; aS} Oa ped RE DAS DS] ASGe ~ eal 6 2s a od 

eee 4. 
fsVune7 siute cor onl! losjhos sac ofg- 69 Gel Ser aeiey eee bosenae 


— 


2] 


WATER SORPTION PROPERTIES 
Experimental 

Dehydrated chopped onions with an approximately uniform terminal 
moisture content of 5.2% and pieces 1.5 x 2.5 x 6.5 mm were used. 
The onion, Yellow Globe, cv. Improved Autumn Spice, was grown at the 
Alberta Horticultural Research Center, Brooks, Alberta, and air 
dehydrated in a 0.3 eh bed area Vibro Fluidizer (Niro Atomizer, 
Copenhagen). Drying was carried out in two stages: hot air at 90°C 
for 1 h, followed by air at 41°c for 15 h. The volume of air used 
was approximately 500 m>/h. The moisture content of the dehydrated 
onions was measured by drying the samples for 48 h at 55°C and 


under 48.8 mm Hg vacuum. 


The adsorption isotherms were determined by placing previously 
vacuum oven-dried chopped onions in vacuum desiccators containing 
saturated salt solutions which give different constant relative 
humidities (Rockland, 1960). The desiccators were kept at constant 
temperature until equilibrium was reached. The time required for 
the samples to reach equilibrium varied cag th the relative humidity 
and the temperature. Plotting the moisture content of the samples, 
expressed in kg of water per kg dry solids, versus water activity, 
ay the adsorption isotherms were obtained. To obtain desorption 
isotherms, the samples equilibrated at 100% relative humidity until 
they reached constant weight were transferred to atmospheres of lower 
relative humidities and kept there until equilibrium was reached. 
The moisture content of the samples, expressed again as kg water 


per kg dry solids, was plotted versus water activity. 
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Results and Discussion 

The sorption isotherms at 10, 30 and 45°C of dehydrated 
Yellow Globe onion are shown in Figure 1 and Figure 2. At low 
and intermediate water activity, temperature had the normal effect 
predicted by the theory of physical adsorption, i.e., the quantity 
of adsorbed water at a given relative humidity increased as the 
temperature was decreased. At high relative humidity an opposite 
effect of temperature was observed. This is due to the dominant 
effect of dissolution of sugars (Salwin & Slawson, 1959; Loncin 
et al., 1968; Audu et al., 1978), which constitute about 80% of the 


dry matter (Table 7). For the three temperatures, the isotherms of 


dehydrated onion are essentially sigmoid in shape and show considera- 


ble hysteresis between the adsorption and the desorption branches. 
This persists over almost the entire water activity range in- 


vestigated. 


The hysteresis is more pronounced at low temperature and lower 
water activity. The presence of the hysteresis loop means that 
there are two values of the water activity for any given value of 
the amount adsorbed. The water activity corresponding to a given 
sorption is lower along the desorption than the adsorption branch 
and it follows, on general thermodynamic grounds that, if changes 
in the solids are ignored, the chemical potential of the adsorbate 
is lower and accordingly the desorption branch is more likely to 


correspond to a condition of true equilibrium (Gregg & Sing, 1967). 


Several theories have been proposed to explain hysteresis but 


they are all based on water condensing in the capillaries, which 


~~ es Ya is 
- es not Peus 
; iT ; ase 


ri i a i = - 


anvhvies We Ted name ie sPeaetaiey ¢ 
; j a 
: 5 


> 


“ai 2 . aol? tose (Saber rie het riz S36 acl ig ea evlisy ~ 


’ Ido. oft bod saute ghee yates ‘nett sAetvomn sail fine 


e7 Maiqncess festevig 7 goss ary hea stisang 
‘4 he VOR (‘shotnunl WIR 4 Wig = 16 s@TEx htdro4bn, to - 
~ j = 
pts Vigeleni dein-QAl Ue yaearadn 2sw "bs vlad 00 
iy ia by 2 | 2hitt boi rdree ck Wels a _ taeTis 
ei liwiee@) ?ngove te yi ay rebel to. tos? ta 
| ‘ > >a 
if ! pl , iSis eq tao Ny (even ‘ae de Ghar fOdet- oar ’ 
: — —— i 
i E e570) Led Sgt? Sy Ret. V. (v Sheet) iia pe 
S > ae v 
i i i& Jr ’ >t pie VI lL SePeu 1s cola sverbvrisb 
<< a a 
; ‘ i TAM IO fot ary ioewitiod sizdroie aya ote . 
a opie : (ia » WVIIAS 2 nha  veiyr es 2) 2749 
ene 
ee ote 
fer ruin . 4 Vi as Sue 7 = we ee eo -s 
hee 7 bie ne3 iS GOSTONd 17 Sen 2j el eavetetn ac? 
tér3 TEVA SAT FU s5rece44 GAP o VEL oe ae” 
ie, ae — 
it ; V1) V1 fom 4seed wate, se ote He obra pte 
es , .) 7 
3 i * uu , th, 


16 / 9b if aerate Rome 


; ; i 
“Hee VE NG s6FOebs. oF ged ol sqyozals Sts : pata —— a1 


_ 


Mans 41's Jen etntione’ 3% ryt weit = oa Hs grey ‘op! aie oT 
: - = 7 
4 - >i _ | a 
"i, ie) = ee -' 1 NSioy leo tna mil? be igi Ry; 
a ; : 


a ei NOt wn 2) gored ste nest ord Fenitt 


A Wee 

| ire 
al etiees unt? | ial Bi et) ru ia ci . 
Awl 


Shoe 


ead a “a 
Sie jis ot as 


oa . 
x boar 
7 


a4s 


aao 


ae VE 


X ¢ kg H20/kgD.M. 2 


8 


015 


006 


Figure 


ue 


& 
oe 
Q: i 
a 
San 
ai 
A 10°C Wi 
© 30°C E 
© 485°C | 
4 
4 


WATER ACTIVITY 


Adsorption isotherms of dehydrated onion at different 
temperatures. 


23 


Wi 
- 


a ie fe pice te i 
“an val, da cs bist ae bass 


7 
» 


. aan 


X Chg H:0/kg D.M. ) 


Figure 


Ze 


O41 0.2 0.3 0.4 0.5 06 o7 08 oo 


WATER ACTIVITY 


Desorption isotherms of dehydrated onion at different 
temperatures. 


24 


ae eee) 


7° 


& ty lve 


—_——s 


772 ey ab b Io emaitze 


ca 
— 


25 


Table 7. Composition of raw and dehydrated onion (Watt & Merrill, 1963) 


Component 


Water 
Protein 

Fat 
Carbohydrate 
~ Calcium 
Phosphorous 
lron 

Sodium 
Potassium 
Vitamin A 
Thiamine 
Riboflavin 
Niacin 


Ascorbic acid 


(2) 


(g/100 g) 
(g/100 g) 


(mg/ 100 
(mg/100 
(mg/100 
(mg/100 
(mg/ 100 
CLSUS) 

(mg/100 
(mg/100 
(mg/100 
(mg/100 


-(g/100 g) 


g) 
g) 
g) 
g) 
g) 


g) 
g) 
g) 
g) 


Raw Dehydrated 
89.1 0 
| ee 7 
0.1 as 
Se7 82.1 
P50 166.0 
36.0 21360 
a5 Pes 
10.0 88.0 
157.0 1,383.0 
40.0 200.0 
0303 25 
0.04 0.18 
0.20 1.4 
10.0 35.0 
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means that hysteresis should occur only at water activity greater 
than 0.50 - 0.60 (Labuza, 1968). Since this is not the case for 
the isotherms shown in Figures |] and 2, it is believed that this 
type of loop is due to phase transformation of the sugars (Loncin 
et al., 1968; Iglesias et al., 1975a; Karel, 1975), occuring 

during moisture adsorption and desorption. The sugars in dehy- 
drated onion are very likely in a very hygroscopic state and an 
increase in moisture content above that to which they were dried 
results in their crystallization. The extent to which crystal- 
lization proceeds is dependent on the product moisture content, and, 
during equilibrium moisture content determinations, is dependent on 


the equilibrium water activity. 


Therefore, the shape of the sorption isotherms for dehydrated 
onions may be directly dependent on the state of the sugars. It 
has been reported (Karel, 1975) that sucrose may be present in one of 
several states: crystalline solid, amorphous solid (bound to other 
food components) and aqueous solution. When onion is dried rapidly, 
the sugars probably go into the amorphous form. In this form they 
are very hygroscopic and unstable. However, the very high viscosity 
of the medium and the presence of the nonsugar fraction of the 
onion act aS support and prevent molecular rearrangement. The 
sorption of water imparts mobility to the sugar molecules and this 
mobility results in the transformation of sugar from the metastable 
amorphous state to the more stable crystalline state. In this 
process the sugars such as sucrose, glucose and fructose lose water 


(Iglesias et al., 1975b; Varshney & Ojha, 1975). The sorption 
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characteristics of amorphous sucrose have been studied by 

Iglesias et al. (1975b) and those of crystalline sucrose, glucose, 
fructose and lactose by Loncin et al. (1968) and Audu et al. (1978). 
Iglesias et al. (1975b), have also showed that up to a water 
activity of 0.375 for 35°C and a water activity of 0.245 for 47°C 


no crystallization of amorphous sucrose occurs. 


From the knowledge of the amorphous and crystalline sucrose 
isotherms and from the percentages of sugar and nonsugar fractions 
of the onion (about 80% sugars and 20% nonsugar on a dry basis) 
the composite sorption isotherm at 2000 was predicted. The 
results are shown in Figure 3 and compared with the experimental 
isotherm , the amorphous and crystalline sucrose isotherms 
(Iglesias et al., 1975b; Loncin et al., 1968), and with the non- 
Sugar fraction isotherm . The predicted isotherm was obtained 
from the product of the amount Shiver adsorbed by amorphous 
sucrose at a given water activity and the percentage of sugars and 
nonsugars in onion. An examination of the results presented in 
Figure 3 (Appendix 3) shows that the experimental isotherms, 
above a water activity of about 0.24, is below the predicted one. 
This implies that at 30°C the onion sugars are most likely in 
the amorphous state and that crystallization takes place at 
intermediate water activities. The same sequence of phenomena 
takes place at loace At Keo G, however, the experimental points 
obtained at ai 0.11 and a = 0.24 (Appendix 1) indicate that 
at these water activities the sugars are probably in the crystal- 


line state; hence, the comparison of the results at 45°C with 
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0 0.1 2 03 0.4 0.8 On 
WATER ACTIVITY 
Water vapour adsorption isotherms of dehydrated onion at 


30°C; A, amorphous sugar (Inglesias et al. 1975b); B, 
predicted; C, experimental; D, nonsuaar fraction of onion; 
E, crystalline sucrose (Loncin et al., 1968). 
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those at 30 and 10°C should be made with the understanding that 


the state of sugars may be different. 


The isotherms obtained may be considered a Type || isotherms 
according to the B.E.T. classification (Gregg & Sing, 1967). 
The general features of such an isotherm have been discussed 
extensively by a number of authors including Young & Crowell (1962), 


Gregg & Sing (1967) and Adamson (1967). 


To obtain the relevant values of the monolayer capacity and 
the heat of sorption, the B.E.T. equation is put in the form of 


equation (2.1). 


i ] Gens] 
patie Sees ae yy (2.1) 
m m 
where: 
e a Pug. _ % relative humidity 
a Ff Ps pgeatemract Lt yim 6 
C = constant = k exp (AH, -7/RT) 
X = equilibrium moisture content, kg adsorbed/kg solid 
a = monolayer moisture content (same units as X) 


A plot of the left hand side of this equation versus water activity 
gives a straight line in the range of water activity 0.10 - 0.40. 
From the slope, S$, and intercept, I, of this line, x and C were 
calculated. In addition, by assuming the area of a water molecule 
to be 10.6 a2 (Labuza, 1968), the surface area exposed to water, A, 


was determined from the equation 
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where: 
A = solid surface area, Boy ka solid 
x = monolayer moisture content, kg H,,0/kg solid 
M 9 = molecular wt. of H,0 = 18 kg/kmole 
= 
N = Avagadro's number 6.023 x 1026 molecules/kmole 
A, 9. = area of water molecule = 10.6 x ia ae 
2 


Table 8 shows the results from the B.E.T. analysis for adsorption 
data of dehydrated Yellow Globe onion. It should be noted that for 
this analysis the values were taken from the smoothed lines, 

though the sorption isotherms, Figures |] and 2, show the actual 


experimental values. 


lt can be seen that all the B.E.T. values decrease with in- 
creasing temperature. This effect has been reported for other 
food materials by a number of workers, including Iglesias & 
Chirife (1976) who also stated that the decrease in the B.E.T. 
monolayer with increasing temperature may be due to a reduction 
in the total number of active sites for water binding as a result 
of physical and/or chemical changes induced by temperature. Also, 
as indicated previously, the change in surface area at 45°C, as 
determined by the B.E.T. theory, reflects the different state of 
the sugars in the nonsugar matrix, and from the assumption that 
crystalline sucrose is present, one would expect much lower 
Pees Pts. The surface area value calculated from Loncin et al., 
(1968) data for crystalline sucrose was approximately 100 Ap h Lt 
should be noted that the value of the constant C is low, and 


because of this, as pointed out by Gregg & Sing (1967), results 
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Presented in Table 8 should be considered as estimates only. 


In Figure 4, a graph of the isosteric heats of sorption as a 
function of the amount of water vapor adsorbed and desorbed by 
the onion is presented. The horizontal line indicates the heat 
of vaporization of water at 20eCe The isosteric heat was calculated 
graphically from the slopes of the isosteres (Py vs. T at constant 


X) using the Clausius-Clapeyron equation in the form 


Wot 


dlnaw 
cine St (2.3) 


d(i/t) * 
where R equals 0.46188 kJ/kg K and cpr is the isosteric heat of 
sorption, a differential quantity which varies with the degree of 
Surface coverage, hence with the amount of water adsorbed by the 
solid (Young & Crowell, 1962). From an examination of Figure 4, 
it would appear that at low moisture content the heats of desorption 
are much higher than the adsorption ones. As water is sorbed, the 
difference decreases and both ad-desorption heats approach the 
heat of condensation of water at about 30-35 kg H,,0/100 kg DM, which 
corresponds to about 5 monolayers. At very low moisture content 
the heats of ad-desorption are nearly one and one-half and twice the 
heat of vaporization of pure water. This may result from the 
swelling of the adsorbent, from chemisorption on polar groups, or 
from a combination of these two phenomena. The swelling process is 
highly endothermic and may use as much as 50% of the heat produced 
by the adsorption process, hence, this may account for the low 


heats of adsorption. The high heat of desorption, on the other 
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hand, may be due to high energy sites resulting from 

hydrogen-bonds induced in the onion during desorption. These 
Strained hydrogen bonds may be broken with a net evolution of 
heat, in addition to the heat evolved from the formation of a 


stable hydrogen bond between the sorbent and the vapour. 


A comparison between the isosteric heats presented in 
Figure 4 and the B.E.T. heats shown in Table 8 _ indicates that, 
at the monolayer level, the B.E.T. heats are lower than the isos- 
teric heats. This is in agreement with results reported in the 


literature (Inglesias & Chirife, 1976). 


Table 8. B.E.T. values for sorption data of dehydrated onion. 
Xm A 

Temperature kg/100 kg 2 AHEBET, AH) BET A 

a (dry basis) Cc (m'/g) (kJ/kg) (kJ/kg) 
Adsorption 

10 6.67 3.95 2355 180 2,657 

30 6.20 3.28 217 164 2,597 

4s 4.71 2.89 164 .140 2,535 


Another parameter calculated from the isotherms presented in 
Figure 1 and Figure 2 is the equilibrium heat of sorption, AH. 
This quantity is analogous to the heat of vaporization of a pure 
substance. But, while the heat of vaporization is a reversible 
quantity at constant pressure, the equilibrium heat of sorption, by 
analogy, refers to constant pressure, P, and constant spreading 


pressure, ®, as obtained from the Gibbs equation. 
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The equations for the calculation of AH can be derived from 
thermodynamic considerations as outlined by Hill (1950) and 


Everett (1950),and as reviewed by Young & Crowell (1962). 


For the purpose of this work, AH was calculated using the 


equation 
2.7d..1nP an d InP e, : 
AH = RT” ( TT oe = -R (ST7Ty) 6 = T (S. Ss.) (2.4) 
where ve = molar entropy of the adsorbed layer and 
Se = entropy of water vapour at T. 


From equation (2.4) the molar entropy of the adsorbed layer, 
which is a measure of the mobility of the adsorbed water molecules, 
was also calculated. To obtain both AH and S. from equation (4), 


6 must first be calculated by integration of the equation 


P P 
oo =e0 RT { Prd Unk 2 (1: const) = ar | = dP (2.5) 
0 0 


where, IT = X/A, kg HO Seer bed/m= of solid surface. 


2 


For the calculation of I the average surface area found from 
the B.E.T. analysis was used. The integral shown in equation (2.5) 
was evaluated by carefully plotting I/P vs. P and summing the 


area under the curve. 


Figure 5 shows the values of the spreading pressure for 
adsorption and desorption of water vapour by dehydrated onions at 


30°C. Similar plots were obtained for 10 and ira ep 


AH and AS, where AS = S, - S, and Sy is the molar entropy of 


L 


liquid water at T, were calculated from the slope of the lines 


obtained by plotting Z,P vs. T at constant 6 and then equation 
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(2.4). Figure 6 shows the molar entropy change plotted as a 
function of amount of water sorbed at 10, 30 and h5C for the 
adsorption and desorption processes. It can be seen that at any 
given moisture content the absolute values of AS at 45°C are higher 
than at 30°C, and the absolute values at 30°C are higher than at 
10°C. Also, the AS curves for the desorption show a first section 
where the integral molar entropy increases as the moisture content 
increases. This section corresponds to water activity below 0.4 
and reflects a solid surface which is not completely covered by 
water molecules; hence no lateral interaction between water 
molecules occur. Therefore, as compared to a completely covered 
surface with one monolayer, a molecule of water has more freedom 
to move towards the low water end, This would result in the 
maximum absolute value of the entropy to occur at the monolayer, 
which it does. Following the initial increase, the entropy 
function decreases up to a moisture content of about 0.25 kg 
H,0/kg DM and then remains practically constant. The decrease in 
entropy after the monolayer is formed means that the state of 
organization of the water decreases. That is, mobility increases 
becausethe second layer of water is interacting with some solute 
(if in solution) and itself rather than with the surface. At the 
higher values of X it is observed that AS tends towards zero 
(state of free water), but the effect of sugars is apparent here, 
with strong deviation at higher temperatures. This is because 

the presence of solutes tends to organize the water (i.e., increase 
absolute value of entropy) and,since sugars are more soluble at 


higher temperature, the amount of solution will be greater, hence 
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the entropy higher. A comparison between the AS curves for the 
desorption and those for adsorption show that at the same tempera- 
ture the AS curves for the desorption are always considerably lower 
that the adsorption ones. This behavior, although expected because 
of the water being more tightly bound on the desorption branch of 
the isotherm than on the adsorption one, also suggests that the 
'final arrangement’ of the water molecules on the surface of the 
solid may be different depending on whether equilibrium is reached 
from the 'dry state' (adsorption) or from the 'wet state' (de- 
sorption). Also, during the desorption process some of the 
amorphous sugars undergo crystallization and a concentrated 
solution appears along with pure sugar, and, therefore, the state 
of organization of water is a combination of solution effect and 


desorption effect resulting in greater entropy. 


Figure 7 shows the equilibrium heat of sorption as a function 
of moisture content calculated from the desorption and desorption 
isotherms at 10, 30 and 45°C. In the case of desorption, AH de- 
creases gradually with the increase of sorbed water, and at given X 
decreases with temperature. With respect to desorption, the equi- 
librium heat of sorption increases up to the monolayer then de- 
creases, and the three curves are always above the ones obtained 


for adsorption. 
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Equilibrium heat of sorption of dehydrated onion as a function 


Figure 7. 
of moisture content. 
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DEHYDRATION-REHYDRATION OF ONION 


Experimental 
Raw Material 

Yellow Globe type onions (cv. Improved Autumn Spice) grown 
to maturity in experimental plots at the Alberta Horticultural 
Research Center, Brooks, Alberta were used. The onions were 
planted in early April, harvested in the middle of September 
when the tops were down, and cured and graded indoors before 
storage in bins at 1-2°C. The onions were held in storage for 
about 1 week before the dehydration experiments were initiated. 
At this stage, the mean dry matter content of the fresh onion, as 
estimated by the loss in weight of 10-15 g samples on drying ina 


vacuum oven at 70°C and 48.8 mm Hg for 6 h, was 12.8%. 


Pilot plant scale dehydration 

Medium sized bulbs (4.5 - 7.5 cm in diameter) were peeled, 
sliced (1.5 mm thick) and dehydrated in a 0.3125 mi pedsareanvibra 
Fluidizer (Niro Atomizer, Copenhagen). Three temperatures (40, 
50 and 65°C) and three air flow rates (5.5, 8.1 and 10.3 yee 
were used. The dryer consisted of a perforated plate built into 
a long, narrow, enclosed chamber. The unit was equipped with an 
air filter, an air supply fan of the centrifugal type, with built- 
in damper, an electric air heater, a vibrator, a cyclone, an 
exhaust fan, also of the centrifugal type with built-in damper, 
and connecting ducts and control panel. The air velocity was 
measured using a pitot tube connected to Mark 5 Testing Set 
(Airflow Developments Ltd., High Wycombe, England), and it was 
changed by adjusting the damper in the air supply and exhaust 


fans. The dry-bulb and wet-bulb temperatures (The and Twp? were 
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measured with thermocouples connected to a Honeywell Electronik 

16 temperature recorder (Honeywell Ltd., Scarborough, Ontario). 
The wet-bulb temperature was obtained by covering the end of a 
thermocouple with a wick immersed in a bottle containing distilled 


water. 


Dehydration rate 

Drying curves (X vs. time) were obtained by graphical inte- 
gration of the thermograms and/or by periodic weighing of onion 
samples during dehydration. The equilibrium moisture content (X,) 
of the onion, required for the drying calculations, was deter- 
mined by the saturated-salt-solution method as described pre- 


viously. 


Shrinkage measurement 
The shrinkage of the onion slices after various times of 
drying was determined from specific volume measurements by the 


displacement of toluene. 


Rehydration rate 

Rehydration was measured in distilled water at 25 and ho°c. 
Five grams of dehydrated onion were added to 150 ml of distilled 
water in a 250 ml beaker, mixed thoroughly, and allowed to re- 
hydrate for various lengths of time. At the end of the rehy- 
dration period the onion was filtered off using a No. 4 Whatman 
filter paper and slight vacuum, and weighed. The extent of re- 


hydration was expressed as kg water per kg dry material. 
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Theoretical 
Model 

Following King (1968), the various rate factors involved in 
drying processes are shown in Figure 8. lt can be seen that 
heat must be transferred from the heat source to the evaporation 
zone by way of the piece surface. External heat transfer, from 
the source to the surface, may occur by any of the three principal 
heat transfer mechanisms; which are conduction, convection and 
radiation. Internal heat transfer, from the piece surface to the 
evaporating zone (within the piece), is generally by conduction, 
but can occur by radiation, particularly if a penetrating radiation, 
(e.g., microwave) is used. Water vapor generated at the evapor- 
ation zone must first travel to the piece surface by any of a 
variety of internal mass transfer mechanisms (e.g., vapor diffu- 
sion, surface diffusion, liquid diffusion, capillary). Then 
water vapor must travel from the piece surface to the outside 
environment by external mass transfer processes such as convective 


mass transfer or diffusion. 


For the various mechanisms operating in parallel, such as 
the three different mechanisms of external heat transfer, the 
rate-governing mechanism will be that which affords the fastest 
rate of transfer. On the other hand, for the mechanisms in 
series, that is, external heat transfer, internal heat transfer, 
internal mass transfer and external mass transfer, the step with 
the greatest effect on the rate will be the one which is inherently 
the slowest, or which requires the largest concentration-difference 


or temperature-difference driving force. Thus the rate-determining 
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Figure 8. Interaction of heat and mass transfer during drying as 


proposed by King (1968). 
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step will be that mechanism which is inherently the slowest out 


of the assembly of fastest mechanisms for each step. 


Equations related to model 


From the diffusion model of the form 


JX ns d ax 
Ores oJ) Dos jz ) a 

my —_ X 
kx (x, ne x.) Sarl Dorf SE S ; C352) 


at 9 =0 X = X 
where k and Dice are parameters related to heat and mass transfer 
coefficients in the external phase and heat and mass transfer 
coefficients in the internal phase respectively. Through equation 


es pg) eal ste ee and kx can be calculated 
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k 3 0 

= Ges ° - = > es - wis 
RT a3 Pee) 2 (X, x.) M (353) 
Vv w 

where Nv = molar mass flux expressed in prcle ves dxX/dé@ = 


kg H,,0/kg D.M.s; L = one half of the thickness of the onion slice 


in m; Ds = density of the moisture-free solid in kg/m; MT = 


molecular weight of water = 18 kg/kmole; h = heat transfer 


coefficient in SfsmcK AH. = heat of vaporization of water at the 
surface temperature (Tes) expressed in J/kmole; ke = external mass 
transfer coefficient in m/s; RY = gas constant = 8.314 J/kmole K 
or Pa nipiaiole K; gee and a = partial pressure of water, at the 


dry bulb temperature of the air (T.) and at T., respectively, 
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expressed in Pa; Xe and Xe = moisture content in equilibrium 
with P= and T. and with P_— and T_,respectively; (V/V_). = 

we e ws S o’e 
final over initial volume of onion piece (Figure 13) and ko - 


combined external mass and heat transfer coefficient. 


The combined external heat and mass transfer coefficient is 


related to kK. and h by the following equation (King, 1968) 
* Pye ow Pe Bp 
east 7s KT 7 RT ap : ke (3.4) 


where 3 


Ee Wie GeePo. ee (3.5) 
Ss G W W 


an water activity; bs = vapor pressure of water at T, expressed 
in Pa; and R = gas constant = 8.314 J/kmole K. The role of BP is 
analogous to that of another parameter, defined as 


k RR 1 
Vv 


a o. energy in (3.6) 


(AH_)? pealP 
S Ww W 
which, in turn, is related to rate of change of moisture content 


within the food by equation (3.7) 
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where k-= thermal conductivity in W/m K; and p! = effective vapor 
2 . 
space diffusion coefficient in m/s. Equation (3.7) has the form 


of equation (3.1) and gives 
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which represents the ratio of moisture density in the vapor phase 


(P) to the moisture density in the condensed phase (7). 


As pointed out by King (1968), the effective diffusivity 
given by equation (3.8) can be rationalized through a simple 
physical concept: equation (3.1) describes the removal of water 
from a source by means of a moisture gradient driving force. The 
source (left-hand side of the equation) is a condensed phase, the 
sorbate, while the transport (right-hand side) occurs through the 
vapor phase. At any time there is considerably more moisture in 
the condensed phase than in the vapor phase, hence,as moisture 
leaves by diffusion out through the vapor it is continuously 


replaced by evaporation from the condensed phase. 


Mathematical solution of equations 

Mathematical solution of equations (3.1) and (3.2) is 
available for constant D o¢¢ (Crank, 1975) and therefore by means 
of the Gurney-Lurie charts (Carslaw & Jaeger, 1959) Do ¢¢ together 
with the equivalent Biot number (B.) and Fourier number (F) were 
calculated as shown in Appendix (5). Also, from equation (3.8) 
and (3.9) the effective vapor space diffusion (p!) was then 


calculated 


| PL a=] 
= Oo aes e eae = =| 
Br Sep ehEt ep Sasha tee? (3.10) 
Vv 
where C. = constant reflecting the geometry of the porous medium: 


2 
2 
and D = binary diffusivity in the free gas, = 0.256 cm/s at g5°C 


for H,0 - air. 
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Results and Discussion 
Dehydration rate 

Figures 9 and 10 show typical experimental results in 
terms of average moisture content of the onion in the drier as 
a function of time for three representative drying air tempera- 
tures and three drying air velocities. It should be noted that 
for a very short period, at the beginning of drying, in the drier 
there existed a bottom 'dry' layer and an upper 'wet' layer. If 
one neglects this very early phase of drying on the basis that 
the ratio of mass of dry air (mya) to the mass of dry matter (m4) 
was high and that the bed was vibrated occasionally, if follows 
that the behavior of the individual slices should follow the 


behavior of the bed, hence, the results can be interpreted 


using the above-described model. 


From the drying rate curves (Figures 11 and 12), the 
dry bulb temperature of the drying air (Te); the surface 
temperature (T.) and the heat of vaporization of water at as 
the heat transfer coefficient was calculated. The values 
obtained for experiments conducted at three temperatures and 
three air flow rates are presented in Table 9 together with 
external mass transfer coefficients (k), external heat and 
mass transfer coefficients (k") and the parameter # . It can be 
seen that the heat transfer coefficient increases with the rise 
in air velocity and remains practically constant with the rise 
in temperature. This implies that external resistances decreased 


when air velocity was increased and transfer of water improved. 


7 i i Saneraaracy ee 
. a 
an, be stay nial _— e e 


at e9fuse. ) 43! Sens f asia: 2 Wee Bh: bre e eawett 


af Sr Aolinn edt 40 an 45s erwseben aps rove I. anes 


: - a a 
4a le way avi ee egege goa ol ainda to eniiane”. es 


tor. sd biveie 2) .28'2ioeley ee s Fete aos _ ni 


oi 
"o°7 id 7. rivth a Pit reat rel = 13 Jt + thes Hay 10 13 oe a 


i ways! "2ow rcoy.os bos “ays! Sai | med a % aga xe otads 


s 


i aud ans, mo par yh To saens ‘368° vSSV. ais ebpeiven eno. ; 


ine 


Lot! > a7 rere 1 » @¢é ati eh] Loe ) 4G 4 1 16 ’ aw fo. pines ead 4 
? . ie @ _ Pe 


ir < , 4 sno: 26 o> + Teste ry hw ->D evil ond J6e4 ria gi PGW a: 
e Peo! subis Thin? sy 56 clus ans oe 


int sd nes oes Std . esos , ted gag To solvenad 


, leabon Rodinge ala aac wea me : £ 


= 
sie a ae a he . 


saet 4 ic) bog H Ptem Etyed fe 8 | 3 alison ©. an Bi — nt = > 


“¥ 


etive SA3...( 77's wp iyae ale i 5 wm pt 


fe 


as! a. 'S>'6n 7 j Agi TAs} SEW } 7h ra oe). be 7 ee 


ev orit Sj)G/u> 89 250 tng 7 Ron > sot 
e 

~~ Py = s Lie Ne = 

jfareagner stad) +e hie sites 256m 


131 iWwete? € side} 5) tatnheseg Se me 
* * ear Cer re ake b — 4 sshials ts S83. a 


oo nbs 3! Y Wane se S ts be 7 ae 5 
. 4 3 fi . bos aM a ssinsis er 


gatscetts Wiiw serce.s0' a “Seen w o 


= a .* PT ; 

W207 "pr aa we « tang ad vite a ane si 
re = 
ae, 34 yattt ekee, inal 

- i _ 


i 


He TG.. tT in 


7 


Figure 9. 


X (kg H,0/ kg D.M.) 


48 


0 i] 2 3 4 s 6 7 


DRYING TIME (h ) 


Effect of temperature on the moisture content of onion 
slices. Drying conditions: Yellow Globe type onion slices 
14 mm thick; air flow rate 8.1 m3/min. 


mas 


~ ¢3 


14 od . e*), 


(a2 pe? oH 


HRV A 


wy 


} 


Pal 


Figure 


X ¢khgH,0!/ kgo-m) 


10. 


Effect of drying air flow rate on the moisture content of 
onion slices. Drying conditions: Yellow Globe type onion 
slices 14 mm thick, dry bulb temperature of the air, 50°C. 
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Figure 
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Rate of dehydration of onion slices at 5.5, 8.1 and 10.3 
m3/min air flow rate. 
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The values of kK. and ko were calculated using equation (3.3), 
together with the psychrometric chart, to obtain the water 
activity, hence, the values of P and P corresponding to T 

we ws e 
and ee and the desorption isotherms, to obtain the values of 
X and X_ corresponding to P- and P__. Although not as clearly 
2 Ss we ws 
as the heat transfer coefficients, they indicate that external 


resistances were indeed important. 


The parameter #, which determines the degree of external mass 
or heat transfer control, decreases with increasing temperature. 
This means that at higher temperature the process is more heat 
transfer.controlled. That is, the quantity of energy reaching 
the surface is what controls the amount of water removed and 
it is relatively easy to eliminate that water vapor from the 
surface through the mass transfer mechanism. Also, the fact that 
B decreases with increasing temperature means that the rise in 
temperature improved more the heat transfer. Hence, the higher 
drying rate resulted from improved mass transfer. This is apparent 
from the values of k (Table 9), which doubled when the tempera- 
ture was raised from 40 to 65°C. At constant temperature and 
variable air velocity, # decreased with the first rise in air 
velocity but remained unchanged with the second increase. This 
indicates that with the first rise in air velocity the dehydra- 
tion rate underwent a transition from external mass transfer 
control to external heat transfer control. However, once this 
transition had taken place, further increase in air velocity did 


not effect the controlling mechanism. 
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From equation (3.3) one can see that the quantity of energy 
transmitted to the food can be affected either by the heat trans- 
fer coefficient (h) or by the driving force AT. By increasing 
the air velocity, studies (Charm, 1971) have shown that h in- 
creases approximately as a8 A calculation from the values in 
Table 9 for the different velocities shows the expected relation- 
ships. On the other hand, as shown in the same table, an increase 
in air temperature modifies the total energy transferred without 


altering significantly the external heat and mass transfer 


coefficients. 


efter ti 22 


a and, calculated as indicated previously for experiments con- 


In Table 10 are presented the values of D 


ducted at constant air velocity and variable temperature and 
constant drying air temperature. Beginning with the parameter 

a, whose role is entirely analogous to that of as in determining 
whether the rate is internally mass transfer- or heat transfer- 
controlled, it can be seen that a is well above 1. Hence, the 
internal mechanism was mass transfer controlled, which means that, 
although enough energy arrived at the evaporating zone (within 

the piece), the transfer of the water vapor from the evaporating 
zone to the surface was limited. At constant air velocity and 
variable temperature a decreased with increasing temperature, which 


implies that the dependence on mass transfer decreased. 


Effective diffusion coefficient (Do¢¢) increased with air 
velocity and with temperature (Table 10). The increase in Dice 


with temperature is in agreement with the kinetic theory of gases 


p we wa 0) .s ac eT) , 
Ct lonsop Sir 4ens ie ee SPT fe 9) gat 780% vadlaabicd 


sf ' a meres 
SAS Tati eA: (d walt te hems te ad. ws “~ and, bi aioe cae 
Glasecgnt yi «1S spiel SO teeas aes yet 1s (i iit Vt ies +t 
: ; - — a 
“rs rod? neta avad Tig ‘areas = iselov sist iy 
a Q 7 a 7 
5 me anizelushes & lw al ¥lyown eesaOd eae 
TP a ae ae ee ac >i visated AS Vi ys? sa  oicet 


sani as. . Side! sms ii ob pwore 2e ‘oa eo ae eainl | Ms 
r+ ©, i) 
ST kheh 3 iad i grad 403 rie ew “aye? wan t 


= pei bas seed Lentaame mig yh Ager | — siniyas te 


Pie Wy | aes 


; ra ; } pawl) S(iJ 4 nee vey o*e° i a ar 


, i eae haegy ie BA mnsotuslas: hs Raw 
: 
iS 27 1 i = a) hi 6-ya op iay 7 rnin saan 


r r 


bia, ond AyIW ohne see? G18 “>? the 4 sli someon 


, _ 
BL? 220m yi Pnrveyal- aes i ony sere aes 


64! gvode@eiigest) a rCAe es 2 Leikat aréte 


iy eneem Th lw bol age A ip tdegad thien AGW atti of duns 
ae 


ohat phiad-oures sit 16 heel vous 5 rewire 


55 


‘wea 64/o°H 6% pO =X 


: z 
"W'd 54/0°H Bye = XxX i 
€6°0 ze S1°0 g.0l * Blt 42 6h peut he One gee €°Ol 0S 
Oz" I 9S 60°0 g0l * Lez n€ 09 LpeOl % 087 [peOl % 007% G°S 0S 
z6°0 zz G1°0 gl X 96'S GZ SS pag e802 noe * ig © L"g 59 
Lo" l Zh L1°0 g.0l * 98°2 92 95 ee ee Pp O lax StS I"g 0S 
Ol'l 6S o1°0 g-0l X 29°2 ge z9 peat * eee Rote ta: L"g On 
ly ly ly ty a Ny x x (U yu Ww) (I) 
ad 
D ) ! [= /sUye ee : : 
4 0 ‘4 s/ 5 ! 
J é wa é $919S149}9e4eYD 


ANV 


ey Veruoqew snoiod jo Asqawoab 
(, 4) uoIsSnjjip adeds sodea dsAI}DI44e *(..9) Joqunu 301g 
UlAdp JO 399449 “OL F1qeL 


“Wd B4/0°H By "0 = X pue 4 = X Je YY pue 
6ul}Ie[4e4 SJUeJSUOD pue H ASJOWeIed * 
*($490) JUSIDIJJOOD UOISNJJIP BA}JIEJJO UO OZe4 MOLY pUe D4N}Jesodua} 41e 6 


OB, f an5 « $5.5 


: } = y 2 _ : he Lao oe i 
we a me oF mwas a. Pee x, Das xe. 
= > 7 oo ,. , . oa =F pa } fh ai : 
<j i > e : ; ae id oe tA , 2 . <f J = '! to ine » dae 
RE ¢ Ge Henk 28. C- “ s : oa oo ak 


: ; . 
: : : . : : ; - EN! et . o § J F 
— ae Sh efsc RE Od) POH OE, OF ADO 


ioe 4. “ ee flex « le - 1 , 
£00 = } i? at . n 7 40 ha! a > f #e D iid -~ ae 2 =— & Pd aX 
a = SE —_—_ See ee ee | ee ee 4,06 a a most 
Yi 4 : i 
: J] / 
\ “ 


56 


which predicts a significant increase in diffusivity as temperature 
increases (Loncin & Merson, 1979). At constant pressure, diffusi- 
vity in gas systems varies approximately as Tale and, as shown in 
equation (3.8), Dore is proportional to p! so that when p! in- 
creased with temperature, so did Dire: Air velocity should not 


have had a direct effect on D however, as shown in equation 


eff? 


hope a Dat is proportional to k and to (X, - xX), so that when 


7 
ko improved slightly with air velocity, greater driving force 


(X, - x.) resulted and Dare increased. 


A comparison between the values of Dore obtained for X = 


4.0 and X = 0.4 shows that Dice decreased with the decrease in 
moisture content. This is consistent with the results reported 
by other workers (Loncin & Merson, 1979), and indicates that 
diffusional limits to moisture transport within pieces to the 


vapor-piece interface become important at the lower moisture 


content. 


Water vapor diffusivity for onion slices has not been 
reported previously, but it has been determined for other foods, 
such as fish muscle (Jason, 1958), potatoes (Saravacos & Charm, 
1962; Fish, 1958), pepperoni (Palumbo et al., 1977), and apple 
pieces (Roman et al., 1979). The results for onion slices are 


comparable to those reported in the literature. 


The equivalent Biot number (k, L/D , which measures the 


eff! 
relative external over internal resistance, was found to be large 


(Table 10). This means that internal resistances were control- 


ling. Temperature had practically no effect on the Biot number, 
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implying that with the rise in temperature both external (from 
the values of Ks Table 9) and internal (from the values of 
Doge? Table 10) resistences were affected to the same degree, 
and the net effect was virtually zero. With the decrease in 
moisture content, the B. decreased, meaning that internal mass 


transfer was probably improved as a result of the temperature 


rise in the product. 


The parameters C, and T, which are related by the expression 


a 
C,, = voidage (& )/tortuosity (17) varied with temperature and air 
velocity. In both cases (constant air velocity and constant dry- 
ing temperature) the maximum compactness seemed to occur at low 


velocity and low temperature. 


Shrinkage measurement 

The relationship between the volume as a proportion of the 
original volume and moisture content of the onion slices dehydra- 
ted at 50°C and 8.1] m/min air flow rate is shown in Figure 13. 
It can be seen that as drying progressed, shrinkage increased and 
at the end of dehydration it was over 89%. At a given moisture 
content, differences of less than 1% in shrinkage were found 
between samples dehydrated at different rates. Suzuki et al., 
(1976) who, using a photographic technique, measured shrinkage of 
carrot, potato and radish during air-drying, obtained comparable 
results. The results presented in Figure 13 were calculated 
from specific gravity measurements (Appendix 6 ), hence, they 
reflect the 'average' shrinkage. However, if this shrinkage in 


volume is assumed to correspond to the volume of water removed 
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Figure 13. Relationship between volume as a proportion of the original 
volume, and moisture content of onion slices. 


AY 
—_ 
- 
_ 
4 
* 
x 
- 
‘ 
* 
~» <a 
é' — 
‘ 
ul 4 
‘ 
. 7 
J \ - 
‘ 
» 
4 
Seg %. 
a x 4, 
“SG 
- > 
* 
~ 
“ , 


r i 


Teer i 

‘ 7 
ee En a ee ee = 
. ‘ a + > " 


eolaveot 


/ a 7 

Wr t a v * 
a a ae ) A : a a 7 
eriuine. eh IC he) sandIg.  €¢ Sy fone ee 
int a abba tile noine fee made 
1. 7 o.% 


3.3.3 


29 


during dehydration, the surface area as a proportion of the 
initial surface area can be expressed as 


~ = ( 


V 2/3 
A 


TRE (3.11) 


° fe) 
The volume of the fresh onion is equal to the sum of the 
volume of removable water and the volume at equilibrium, so 
that equation (3.11) can be converted to 
vo + [(w- w)/PH,0] 2/3 
ve + L(w, -™ )/P 4,0] ast 


ne 
A 
fo) 


But the density of water, PH0 = 1.00 g/cm" hence 


rm ete Dea tt S273 


A ae 

2 = ipo C13) 

Ay om ets ] on l 

and if 

a= x Usps = 1) + 1/7, (3.14) 
A ket ay 2/3 
re eS 13215) 
Oo 1@) 


The parameter, a, calculated for the experiments conducted at 40, 
50 and 65°C, was 0.73, 0.72 and 0.69, respectively. Kilpatrick, 
et al., (1955) reported a value of a = 0.80 for potatoes dried in 


a tunnel drier. 


Rehydration rate 

Rates of rehydration vs. time at 40 and 25°C for onion 
samples dehydrated with air at 50°C are shown in Figure 14. It 
is immediately apparent that at ho°c the rate of rehydration was 


faster than at ona After approximately 1 h the amount of water 
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Rehydration of Improved Autumn Spice onion slices 
dehyurated at 50°C. 
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absorbed at the two temperatures was about the same and rehydra- 
tion ceased. No real differences were found, both in rate and 
final volume of water absorbed, between samples rehydrated at 
different air temperatures or air flow rates. The present study 
showed small decreases.in rehydration volume and rehydration rate 
as the dehydration rate increases, but the differences were not 
significant. These results agree with those reported by Shimazu 


et al., (1965) for White Globe onion. 


When the rehydration data obtained at 25 and 4o°c were 
plotted as log (X_-X) vs. time, straight lines resulted for the 
region of moisture contents of 6.2 x ie kg H,0/kg D.M. to about 
5.2 kg H,,0/kg D.M. (Figure i5 ). Ignoring external resistances 
to heat and mass transfer (i.e., B. = ~),the average liquid 
diffusivity was calculated through equation (3.16) where (X - x.) 
is a function of De/L?. 


Keon X 
e 


ae X 


= 4 e - DO (n/2L)? (3.16) 
(e) e T 


The diffusivity values are also shown in Figure 15. 


When the values of diffusivity of water during dehydration 
and rehydration are compared, it is found that at the same temp- 
erature D pehydration iS higher than D gepydration (2.33 x [og 
mezs Vee.4 Ulex ee APE This is not surprising since, during 
rehydration, in addition to liquid diffusion, other mechanisms 


such as capillary flow, flow caused by gravity and adsorption are 


operating. 
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15.  Rehydration of onion slices at 25 and 40°C. 
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111. AROMA RETENTION DURING DEHYDRATION OF ONION 


LITERATURE REVIEW 
Chemistry and Analysis 

The characteristic aroma or odor of onions is due to volatiles 
consisting mostly of sulfur compounds. The volatiles are absent 
in intact tissue. However, when the tissue is sliced, reaction 
between the enzyme(s) and flavor precursors (methyl, 
propyl, and propeny! derivatives of L-cysteine sulfoxide) occurs, 
resulting in the formation of flavour compounds. The odor of 
fresh onions is ascribed to thiosulfinates and thiosul fonates, 
while mono-, di-, and trisulfides present in the odor are con- 
sidered secondary reaction products (see reviews by Whitaker, 
1976, and Abraham et al., 1976). The lachrymatory factor formed 
during onion slicing is also an important odor constituent. Its 
revised chemical structure as syn-propanethial-S-oxide, and a 
unifying proposal for its genesis were given by Block et al., 
(1979). A part of the precursor-during onion slicing is con- 
verted into cycloalliin, which is inert to the enzyme(s) and does 


not contribute to odor development. 


In addition to sulfur compounds, the presence of propanal, 
its aldol condensation product, 2-methylpent-2-enal, and other 
carbonyl compounds in onion odor was emphasized by Freeman & 
Whenham (1974), while their genesis was outlined by Boelens 
et al., (1971). An updated schematic of the genesis of major 
compounds responsible for the sensory characteristics of sliced 


onions is presented in Figure 16. 
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° 
RSCH.CH(NH,)COOH 
y (1) 


(R: CH,CH=CH-) 


CR: CH,CH=CH-) ° 


cs 
7H 
RSOH CH,CH=C” 
a Mi fw HO-$ HC = 
N 
H 


fe) 
rSSR— RSR + RSSR*S east 
[vn] {vii [1x] °2 cHaciy No- 
° | (VJ 


RSSR + RSSR RSR + RSSSR etc. CH,CH,CHO + S 
300 [x MT tH,s0, 7 


Figure 16. Genesis of some compounds responsible for sensory character- 
istics of AZZtwn cepa L. (According to Abraham et al. 1976; 
Block et al. 1979). (1), l-alkyl (alkenyl) cysteine sul- 
foxide; (II), Cycloalliin (3-methyl-1,4-thiazane-5-carboxylic 
acid-S-oxide); (I11), alkyl(alkenyl) sulfenic acid; (IV), 
syn-Propanethial-S-oxide (lachrymatory factor); (V), Propanal; 
(VI), Sulfenic acid; (VII), Thiosulfinate; (VIII, IX, XI), 
Mono-, di-, and tri-sulfides; and (X), Thiosulfonate. R = 
CH2-, C3H7-, or CH3CH=CH-. 
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Numerous enzymes are involved in the biosynthesis of the 
aroma, and flavour precursors, in their breakdown to primary 
products, and perhaps also in the conversion of some of the 
primary products to sensory constituents or modifiers of sensory 
perception. However, only two have been investigated to the point 
where they can be described as entity (Whitaker, 1976). They are 
alliinase which has specificity for S-substituted L-cysteine sul- 
foxide, and y-glutamyl] transpeptidase which removes the y-glutamy] 
group from yY-L-glutamyl trans-(+)-S-(l-propenyl)-L-cysteine sul- 


foxide to give the flavour, odor, and lachrymatory precursor. 


Various methods have been advocated for measuring onion aroma. 
Spare & Virtanen (1963) developed a semi-quantitative method in 
which 4 to 6 drops of plant extract adjusted to pH 6 to 7 were 
placed in a small weighing vial. Five milligrams of alliinase 
powder was added, the suspension stirred for 10 seconds, and the 
vial held tightly to the eye. Depending on concentration, the 
lachrymatory effect was perceived after 15 to 45 seconds. Currier 
(1945) advocated the use of volatile sulfur as a criterion of 
pungency and Kohman (1952) suggested the use of total volatile 


sulfur as an index of pungency and/or flavour. 


Saguy et al. (1970) have suggested the use of the Chemical 
Oxygen Demand (COD) for estimation of the aroma and flavour components 
of onions. The procedure consists in oxidizing a distillate of the 
product with chromic acid and estimating the total volatile com- 
pounds colorimetrically. They reported a correlation coefficient 
of 0.98 between odor threshold and COD values for fresh onion; 


correlation was poor for dehydrated onion samples. 
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The olfactory threshold and the pyruvate content of onions 
developed enzymatically have a good correlation (r = 0.97), making 
this asuitable method for both fresh and dried onion samples when 
used under carefully controlled conditions (Schwimmer et al., 1964). 
The pyruvate content is estimated colorimetrically after the 2,4- 
dinitrophenylhydrazone derivative has formed. Saghir et al. (1964) 
did not find a correlation between the aliphatic disulfide content 
and pyruvate, however, which is not surprising in terms of the 
continued reactivity of the primary products of the alliinase re- 


action. 


Lukes (1971) has used the reaction of cysteine with thiosulfin- 
ates and thiopropanal S-oxide to estimate these initial products of 
alliinase action in crushed onion. The derivatives are separated 
on thin-layer plates. This method measures directly the primary 
products of enzyme action on the pungency, flavour, and aroma 
precursors. The method, while slow and laborious, could be quite 
useful for analysis of pungency, flavour, and odor potential. 
Freeman & McBreen (1973) have developed a rapid spectrophotometric 
method for determining thiosulfinates in hexane extracts of fresh, 
freeze-dried, and oven-dried onions. There was a good correlation 
between measured thiosulfinates and pyruvate concentration. Tewari 
& Bandyopadhyay (1975) introduced a thin-layer chromatography 


method for quantitative evaluation of the lachrymatory factor. 


Gas chromatography has been used in the determination of the 
relative concentration of various flavour and aroma constituents in 


fresh, pickled, canned, boiled, fried, dehydrated or freeze-dried 
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onion (Bernhard, 1968; Boelens et aZ., 1971; Tewari & Bandyopadhyay, 
1977; Freeman & Whenham, 1974). Major differences in the relative 
Proportions of some constituents in headspace chromatograms of 

fresh and dehydrated white onions were reported by Bernhard (1969). 
However, the conventional direct sampling method using a syringe is 
undesirable, since it leads the volatile sample containing a large 
amount of water to rapidly deteriorate the GC column. Thus, 


effective techniques to trap the headspace volatiles are required. 


Several investigators (Dravnieks et al., 197 ; Dirinck et al., 
1977) have reported on porous polymer techniques for the trapping 
of headspace volatiles. However, the usual procedures for sample 
recovery by solvent extraction or heat desorption from porous 
polymer followed by collection in a cold trap are troublesome and 


unsuitable for quantitative analysis. 


Relative volatilities of some onion aroma components 

Onion is about 80% water. Some understanding of the volatili- 
ties of its aroma components might be obtained by consideration of 
volatilities of these compounds in dilute aqueous solutions. A 
review of the literature revealed very little information in this 


area, especially in relation to sulfur-containing compounds. 


Very significant work, however, was carried out by Butler 
et al. (1935), who studied water solutions of the homologous series 
of alcohols from methanol to octanol, and by Buttery et al. (1969, 
1971), who studied the volatilities in dilute water solution of 
some members of the homologous series of alkanals, alkan-2-ones, 


and methyl alkanoates from C3 to Cg and some alkyl pyrazines and 
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unsaturated aliphatic aldehydes. Both groups found that the vola- 
tilities in the dilute water solutions gradually increased with 
increasing molecular weight. Pierotti et al. (1959) determined 

the activity coefficients (y) of a number of organic compounds in 
water, uSing a variety of methods. They also determined the vapor 
pressure of some of the pure compounds, P, and from the calculation 
of the product y and P were able to determine the volatilities of 
homologous series of paraffins, ethers, alcohols, and acids in 


dilute aqueous solution. 


Kieckbusch & King (1979) used flame-ionization gas chroma- 
tography to determine equilibrium partition coefficients for Ci 
C, acetates at high dilution between air and water, aqueous 
solutions of various carbohydrates, vegetable oils, and mineral oil. 
They found that partition coefficients between air and solutions 
of sucrose, maltose, and dextran (M, 90,000) increased sharply 
with increasing dissolved-solids content. For the disaccharide 
solutions this could be attributed qualitatively to a loss of free 
water due to hydration of sugar molecules. For solutions of 
maltodextrin, dextrin, and coffee solids, the acetates were held 
into solution more at the higher dissolved-solids contents, and 
the partition coefficient for pentyl acetate actually decreased 
with increasing concentration of dissolved solids. Partition 
coefficients between air and the oils were much lower and indicated 
an activity coefficient of about 0.7 for the acetates in coffee 
and peanut oils. Partition coefficients of a number of organic 


flavour compounds in safflower oil were reported by Buttery et al. 


(1973). 
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1.3 Volatiles retention during drying 
It is primarily food aroma that distinguishes the flavour of 
one food from that of another, and aroma quality often determines 
the acceptability of a food. When water is removed from a food, 
the loss or retention of the food aroma is one of the major con- 


siderations in the design of the food processing operation (Bomben 


et al., 1973). 


Changes in aroma can occur during concentration and drying. 
These changes usually lower the quality of the products, but there 
are exceptions such as the removal of offensive amine odors from 
fish meal and mercaptan odors from raw milk. To minimize un- 
desirable flavour changes, the temperature of concentration or 
drying is kept low, except for those cases where cooking produces 
a desirable flavour - for example, the development of dimethyl] 
sulfide in tomato (Guadagni et aZ., 1968), the production of maple 
syrup from maple sap (Underwood et al., 1969), and the cooking of 
poultry meat (Pippen, 1967). However, in most cases it is important 
not to lose the natural aroma of the food product during concen- 


tration or drying. 


For onion, which is consumed mainly on account of the volatile 


flavour components which are liberated when the tissues are 
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disintegrated, the quality is primarily determined by the con- 


centration and composition of its odorous compounds. 


Loss of components from onions on heating or drying has been 
studied by a number of researchers. Titov et al. (1964) 
established that on termination of freeze-drying of onions, 
ascorbic acid content was reduced by 50%; and that during air 
drying, ascorbic acid destruction was even greater. Copeman 
et al. (1947) reported that small losses of nitrogen and sulfur 
occur because of volatilization during drying. They came to 
this conclusion by measuring the total sulfur and nitrogen 
content of onions before and after dehydration. Differences in 
relative proportions of certain components in headspace gas- 
liquid chromatograms of raw, boiled and fried onion were reported 
by Boelens et al. (1971). Similar comparisons between fresh and 
dehydrated onion were made by Bernhard (1968, 1969) who reported 
total disulfide differences between fresh and dehydrated onions, 
of greater than 89%. 

Model solutions have been extensively used for controlled 
studies of the factors affecting the loss of volatile aroma sub- 
stances (Menting & Hoogstad, 1967a, b; Thijssen & Rulkens, 1968; 


Flink & Karel, 1970a, b; Rulkens & Thijssen, 1972 a,b; Flink & 
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Karel, 1972; Thijssen, 1971; Kayaert et al., 1975; Massaldi & King, 
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1974a,b; Lerici, 1976). These model solutions typically contain 
saccharides, such as sucrose, fructose, glucose or higher molec- 
ular weight dextrins, along with low concentration of simple 
volatiles aromatics, such as alcohols, ketones and esters. Menting 
& Hoogstad (1967a, b) studied the drying of single droplets of 
aqueous solutions of maltodextrin to which acetone had been 

added at low concentrations. They found that acetone was lost 
only during what is called the constant rate drying period. They 
also observed a decrease in volatile loss with increasing solid 
concentration. The retention was favorably influenced by de- 
creasing the relative humidity of the air. A similar effect of 
drying conditions on volatile loss was found for slabs (Menting 


et aL.,.197Q0): 


Thijssen & Rulkens (1968) explained the anomalously high 
retention of organic volatiles by the selective diffusivity of 
water in aqueous solutions Of organic solids at low water con- 
centrations. They showed that the diffusivity of volatile organic 
compounds, if present in low concentrations, decreases much 
faster with decreasing water concentrations than the diffusivity 
of water. Below a critical water concentration the system be- 
comes completely impermeable to organic volatiles. This critical 
moisture content is dependent on the molecular size of the 


volatile, the nature of the dissolved solids, and the temperature. 


Flink & Karel (1970a) determined the retention values of 
several volatile compounds with a variety of mono-, di- and poly- 


saccharideswhich were freeze-dried under identical conditions. 
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The ability to retain volatiles decreased in the order: disaccha- 
ride, monosaccharide, polysaccharide. These same authors (Flink 

& Karel, 1970b) also demonstrated that,in model solutions con- 
taining glucose and acetone, acetone retention after freeze-drying 


decreased as the initial glucose concentration decreased. 


Studies on the retention of 2-propanol in aqueous suspen- 
sions of cellulose and starch (Chirife & Karel, 1973) revealed that 
starch gave much higher retentions than cellulose even at identi- 
cal solids content and that increasing the amount of suspended 
starch and cellulose had a beneficial effect on the retention of 
2-propanol, but the increase was much more pronounced with starch. 
Rulkens & Thijssen (1972b), who studied the retention of methanol, 
propanol, pentanol and acetone during spray-drying of aqueous 
solutions of malto-dextrin, demonstrated that retention increased 
with increased molecular size of the volatile, dissolved solids 
content, and drying rate. These findings are supported by the: recent 
work of Smyrl ¢§ LeMaguer (1978) who studied the behavior of 
sparingly soluble volatile compounds of the terpene family during 


freeze-drying on a variety of substances, including gums. 


Data on volatile retention in actual foods are limited. 
Sauvageot et al. (1969) reported results on volatile retention 
studies during freeze-drying of orange juice, and found that an 
increase in the dry matter content resulted in increased retentions 
for myrcene, limonene and pinene. However, in the same experiments 
ethanol exhibited the opposite behavior. A higher initial solids 


content has also been found to give substantially better retention 
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of volatile flavour species in apple juice (Chandrasekaran & 
King, 1971). In that study ethyl] acetate, n-hexanol and n- 


hexyl] acetate were chosen as representative apple volatiles. 


Ofcarcik & Burns (1974) studied the effect of carbohydrate 
type, concentration of binary carbohydrate mixtures and sucrose 
hydrolysis on carbonyl retention in model systems and Bermuda 
Onion juice, and reported that an increase in sucrose, glucose 
and lactose concentrations resulted in increased carbony] 
retention. Bartholomai, et al. (1975) studied the effect of 
initial volatile concentration on an unidentified natural 
component in mushroom extract, benzaldehyde and oct-1l-en-3-ol, 
and their results indicated than an increase in initial vola- 
tile concentration, at constant dissolved solids, results ina 
decrease in percentage volatile retention. Flink & Karel (1974) 
reported data on relative retention of coffee volatiles for 
various freezing and freeze-drying conditions and, once again, 
found that high initial solids content, high drying rate, low 
initial volatile concentration and a thin layer of sample 
resulted in higher retention. Massaldi & King (1974b) studied 
the retention of d-limonene during freeze-drying of orange 
juice and found that the presence of a stable cloud increased 


retention. 
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1.4 Aroma intensification 

It is well known that cysteine is an important precursor in 
the formation cf onicn volatiles. Whitaker (1976), in his review, 
discussed the most important cysteine-containing compounds re- 
sponsible for the final flavour development in onion. The enzyme 
alliinase acts on trans-(+)-S-(l-propenyl)-L-cysteine sulfoxide to 
produce thiopropanal-S-oxide, pyruvate and ammonia (Equation 1), 
and on (+)-S-methyl- and (+)-S-propyl-L-cysteine sulfoxides to 
Produce the corresponding methyl] methanethiosul finate and propy] 


propanethiosulfinate (Equation 2). 


alliinase 

CH,CH = CHS(0)CH.,CH(NH.) COOH—* [CH,CH = CHSH = 0] + CH{COCOOH + NH 

3 2 2 +H.0 3 3 3 

2 (1) 
S- (1-propenyl)-L-cysteine 1-propeny] pyruvic 
sulphoxide sulphenic acid acid 
CHCH, CH =S=0 
thiopropanal S-oxide 
alliinase 
2R-S (0) CH, CH(NH, ) COOH —* RSS(0)R - 2CH ,COCOOH ee 2NH, (2) 
+H,0 
2 

S-alkyl-L-cysteine thiolsulphinate 


sulphoxide 


The thiosulphinates are rather unstable compounds. They can 


interact with cysteine to form stable disulfides (Small et al., 


1947). 


Freeman & Massadeghi (1971), reported a positive correlation 
between sulfate fertilization and flavour strength of onion, which 
they attributed to increased availability of flavour precursors. The 


synthesis of cysteine from sulfides is well documented (Whitaker, (1976). 
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Inorganic sulfate is reduced to sulfide by an enzyme in the 


tissue (Equation 3). 


Poe iat er 4 a Za SON 2 
SO Nie) S 
4 \ 3 \ (3) 
H,0 3H,0 
A sulfite reductase [hydrogen sulfide : (acceptor) oxidoreductase | 


has been purified from AlZtwn odorwm by Tamura (1965). The enzyme 
reduces sulfite to sulfide. Whether a separate enzyme is in- 
volved in reduction of $0,- to sue is not known. Cysteine is 
then probably synthesized in the following way from serine and 


sulfide (Equations 4 and 5). 


Acety|l-CoA + serine —> O-acetylserine + CoA (4) 


0-Acetylserine + HS —> L-cysteine + acetate (5) 
The enzymes catalyzing these reactions have been isolated in 
pure form from Salmonella and been shown to exist partly as a 


complex of weight 309,000 (Kredich et al., 1969). 


Schwimmer and Guadagni (1967) found that using | mg/ml 
cysteine-HCl solution to rehydrate onion powder resulted in a 20- 
fold increase in odor intensity and alteration of gas chromato- 
graphic patterns of the volatiles. The compounds responsible for 
the observed effect were not investigated by the authors, though 
they commented that the reactions did not appear to be enzymatic 


in nature. 
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76 
ANALYSIS 


Experimental 
Raw Material 

The onions (AlZtwm cepa L.) used were long-day, cooking- 
type Yellow Globe hybrid onions of cultivar Improved 
Autumn Spice , with an average moisture content of 87.1%. 
They were grown on sandy loam soil at the Alberta Horticultural 


Research Center, Brooks, Alberta. 


The cultivar was sown April 15 at a row spacing of 60 cm. 
The seeds were sown by a push-type, cone seeder that also intro- 
duced granular 5% Diazinon into the seed furrow. Weed control 
was achieved by the use of a pre-emergence herbicide mixture of 
Dacthal and CIPC. Furrow and supplementary sprinkler irrigation 
maintained the soil moisture content close to 50% saturation. 
Onions were side-dressed with 27-27-0 at 112 kg/ha, while 
ammonium nitrate was later broadcast at 90 kg/ha as a top- 
dress, followed by sprinkler irrigation. Harvesting was done 


September 20-23, and the average yield was 37 tonnes/ha. 


Commercially dehydrated, granulated white onions (with a 
declared flavour equivalent of 0.5 to 5 kg of raw onion) for 
use in meat products, canned foods, seasonings and soups, and for 
general institutional use, had maximum moisture contents of 
4.25%, color (expressed as optical index) of 105, and size distri- 
bution (Tyler screen) of 2% on mesh size 32, and 5 and 1% through 


100 and 150 mesh, respectively. 
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Laboratory dehydrated Yellow Globe onion slices with 7-9% 
moisture content were prepared by drying the slices with hot 
air at 80°C for 1 h followed by 60°C for an additional hour 
and then at 50°C for over 20 h, using a Vibro-Fluidizer (Niro 


Atomizer, Copenhagen, Denmark) with a 0.3 m* bed area. 


Gas Chromatography - Mass Spectrometry 

A Hewlett-Packard M5710A gas chromatograph was used, 
equipped with FID detectors and dual stainless steel columns. 
Columns of 2.4 m x 3.2 mm o.d. were packed with Chromosorb 101, 
a polyaromatic, cross-linked resin having a uniform rigid 
structure of distinct pore size. Separation by means of a liquid 
phase was done on 8% Carbowax 1500 coated on silylated (HMDS) 
Chromosorb W-AW-80/100 mesh and packed in columns of 9.14 m x 
3.2 mm o.d. The column temperature for most runs was maintained 
at 60°C for 4 min and then programmed at 4°/min to 190°C.  Iso- 
thermal runs were at 40, 50 and 80°C for 4, 8 and 16 min, with 
programming at 2 and 4°C/min to 140°C and holding at this 
temperature for 15 min. The carrier gas in all cases was N. 
at 25 ml/min. The injection port was maintained at 150°C and 
the detector temperature at 200°C. The area of the peaks was 


integrated by a Hewlett-Packard 3380 A electronic module. 


A Hewlett-Packard M5933A mass spectrometer coupled with 
the 5710 A gas chromatograph was used for GC-MS analysis. Both 
retention time and mass spectral data were used for compound 


identification, in the latter case using only Chromosorb 101 
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packed columns, since column bleeding with Carbowax 1500 made 
the combined GC-MS analysis unreliable. MS parameters were as 
follows: inlet temperature, 250°C; ionization potential, 70 eV; 
ionization current, 300 uA; and scan speed, 3 s_ for a range of 


25 to 400 m/e. 


Pure sulfur organic compounds used in co-chromatography 
and mass spectra comparisons were provided by Polyscience Co. 


(Evanston, IL) and by Supelco, Inc. (Bellefonte, PA). 


Headspace Sampling Procedures 


Procedure |. The headspace volatiles were collected from a 
sealed system. Erlenmeyer flasks of 25 ml with Teflon stoppers 
having a centrally located rubber septum were used to incubate 
the onion sample. Fresh onions were sliced across the main 
axis to give 1 - 2 mm thick cylindrical slices. An 18 g sample 
was incubated in the flask at 40°C for 15 min and up to 3 h, 
and 3 or 10 ml headspace vapour was then withdrawn by a gas 


syringe and analyzed by GC. 


Dehydrated samples were analyzed by the same method. How- 
ever, preboiled distilled water was added to the samples and 
the contents shaken by a Burrell wrist action shaker (Burrell 
Corp., Pittsburgh, PA) with the incubation period limited to 


15 or 30 min. 


Procedure ||. The volatiles were collected with a purging 


stream of No. 
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The sampling apparatus was a 500-1000 ml Erlenmeyer 
flask fitted with a Teflon stopper and two glass tubes. 
One tube extending to near the bottom of the flask 

was used to continuously flush the onion sample with 

No > while the other exit tube had a Teflon end-tube 
fitted with a sealed gas syringe needle. Up to 200 g 
of fresh onion slices and various ratios of dehydrated 
onions to water (w/v) were used. The flask was in- 


cubated at 40°C and purged with N. at 15 ml/min for 


2 
15 min to 1 h prior to 3 or 10 ml of the volatiles 
being withdrawn. 

The injection procedure was simplified by the use of 

a six-way gas sampling valve (Varian Aerograph, 

Walnut Creek, CA). The gas valve was fitted with a 

6 ml stainless steel sampling loop kept at room 
temperature during sampling and heated to 230°C during 
the injection period. The onion was slurried in a 

300 ml stainless steel jar equipped with a blending 
set of blades and a two-port screw-cap which was con- 
nected by 3.2 mmo.d. stainless steel tubing to the 

No supply and to the gas-sampling valve. In the 
sampling position No at 30 ml/min passed through the 
onion sample and carried the volatiles to the valve 
through the sample loop into the atmosphere. When the 
purge time was completed after 15 min to 3 h and the 
valve turned to the injection position, the No carrier 


gas was redirected to the loop to flush the trapped 
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volatiles into the column, while the purging N. was 


Fe 
redirected straight to the atmosphere (Fig. 17 ). 


Procedure III. Initially, the volatiles were concentrated 
in a trap of a porous adsorbent. The gas sampling loop in 
Procedure || was replaced by a 12 cm x 3.2 mm o.d. column packed 
with Tenax-GC of 80/100 mesh particle size. Tenax-GC, a porous 
polymer of 2,6-diphenyl-p-phenylene oxide was supplied 
by Applied Science Labs., Inc. (State College, PA). The 
volatiles were continuously flushed for 15-30 min with purging 
No at 25-50 ml/min from 40 g of sliced or slurried sample held 
at 20, 40 or 70°C to the trap held at O°C. The trap, which 
retained the adsorbed onion volatiles but not water, was 
then back-flushed into the GC column by No carrier gas. At this 
time the Tenax-GC trap was heated to a30 C and kept at this 


temperature until the GC programming was completed. 


Solvent Extraction Procedure 

Onion volatiles were extracted in a Soxhlet apparatus 
using dichloromethane as a solvent. Fresh onion slices, 100 g, 
or dried onions, 3 g + 17.5 ml distilled water, were extracted 
for 3h at 40-42°C with 250 ml solvent. The extract was con- 
centrated to 1 ml in a vacuum flash evaporator kept at ho°c, 


and then used for GC-MS analysis. 


Results and Discussion 
The chromatogram of the volatiles of fresh onion slices 


extracted with dichloromethane is shown in Fig. 18. There were 
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Figure 17. Injection valve used in headspace analysis by Procedure IIb. 


The sampling and injection positions of the valve are shown. 
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Figure 18. 
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y temp. programmed 2°/min 


GL-chromatogram of onion flavours extracted with dichloro- 
methane. Separation column used: Carbowax 1500. 


For 
peak designation see Table 11. 
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close to 60 resolved constituents, 13 of which were major, with 
the rest being intermediate and minor constituents. The lowest 
retention time was for oxygen derivatives, mostly carbonyls and 
thiols. Saturated disulfides had a retention time higher than 
6 min, while the highest retention time was for unsaturated 
disulfides and trisulfides. The latter were eluted near the 

end of the chromatograms. The identities of major peaks, based 
On retention time, co-chromatography and MS data, are listed in 


Table 11. 


Dehydrated onions had similar chromatograms. However, 
relative to other peaks, the 3,4-dimethylthiophene peak area in 
dehydrated samples increased while that of propyl propenyl 
disulfide decreased. This finding corroborates those of 
Boelens et al. (1971) that certain disulfides serve as thiophene 


precursors when onions are processed at higher temperatures. 


Fresh onion slices, dehydrated onions, or onion oils 
obtained by solvent extraction or steam distillation contain a 
great abundance of flavour constituents. Dimethyl disulfide, 
methyl] propyl disulfide and dipropyl disulfide, as well as 
corresponding trisulfides, have been identified in steam distilled 
oil (Carson & Wong, 1961). Brodnitz et al. (1969) and Brodnitz 
& Pollock (1970) listed 17 constituents, all di- and trisulfides 
except for a single dimethylthiophene, while Boelens et al. 
(1971) found a total of 45 volatile constituents. Abraham et al. 
(1976) reviewed a total of 74 compounds identified so far in 


fresh and processed onions. 
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Table 11. Compounds identified in solvent extract of fresh 
onion slices. 


RR RR A 
A A 


Peak No. Compound! 

l methanethiol + ethanal 

2 propanal 

3 propanethiol + 2-methy]butanal 
“ methanol + 2-methyIlpentanal 

5 ethanol + propanol 

1] dimethyl disulfide 

is 2-methy lpent-2-enal 

19 methyl propyl disulfide 
20 3,4-dimethy1 thiophene 
21 methy! cis-propenyl! disulfide 
22 methyl trans-propenyl disulfide 
23 dimethy! trisulfide 
24 isopropyl propyl disulfide 
25 dipropyl disulfide 
28 propyl cis-propenyl! disulfide 
33 propyl trans-propenyl disulfide 
ks dipropyl trisulfide 


\Tdentification was based on retention times, co-chromatography 
and MS-data. 


In Fig. 19, MS-fragmentation patterns are presented for 
propanol, propanal and 2-methylpent-2-enal. Data for propane- 
thiol and two disulfides are given for comparison purposes. The 


mass spectra of thiols were dominated by peaks corresponding to 


+ + 
hydrocarbon fragments C Ho n= 1 and C Ho ntl” Loss of HSH from M 
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Relative sbundence (%) 


Parent, a/e 
peak (M) Base peak £3 ———————_______— Compound 
Relative abundance (*) 


76 4 47 43 42 76 27 39 4s 4% Propanethiol 
90.4 84.6 81.1 67.3 51.4 48.3 40.1 26.7 


43 27 122 «#41 28 45 39 46 47 Methyl-n-propyi 
100 90.1 82.4 81.3 71.4 70.3 50.5 48.4 44.0 disulfide 


150 43 4) 27 160 39 108 «48 66 Di-n-propy! 
53.1 52.3 29.3 29.0 23.0 21.4 13.7 disul fide 


Figure 19. Mass Spectral data for some volatile onion constituents. 
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gave rise to the fairly abundant hydrocarbon radical ion C Hoa 
Aliphatic sulfides displayed more abundant molecular ions and 
sulfur-containing fragment ions than the corresponding thiols, 
but the hydrocarbon peaks were still predominant in the spectra. 
Mass spectra of aliphatic thiols and sulfides and their mechanism 
of fragmentation were described in detail by Levy & Stahl (1961). 
Unique mass spectral fragmentation patterns of Il-propeny!- 


containing thiols, sulfides and disulfides, and thiopropanal-S- 


oxide were described by Nishimura et al. (1973). 


Fig. 20 shows typical chromatograms from two headspace 
sampling procedures applied to fresh onion slices incubated for 
30 min. A 3 ml sample of headspace volatiles, withdrawn from the 
closed system (Procedure |) revealed close to 13 major and 
intermediate constituents, the major ones being propanal, 
propanethiol, 2-methylpentanal, propanol, 2-methylpent-2-enal, 
methyl propyl disulfide, dipropyl disulfide, and propyl cis- 
and trans-propenyl disulfides. When 10 ml headspace volatiles 
were collected from a stream of purging N, (Procedure ||), the 
chromatogram was made up of essentially the same compounds but 
much more intensified, and in addition 4 new peaks were detected 


while 2 previously found constituents were absent. 


Averages of three replicates of the areas under the peaks 
obtained by Procedure |! (a or b) and the dependence on incu- 
bation time of onion slices are shown in Table 12. Most peak 
areas increased with increasing incubation time, reaching a 


maximum at about 3 h and then decreasing. Prolonging the 
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Figure 20. GL-chromatograms of the volatiles of fresh onion slices 


obtained by applying headspace sampling Procedures | and 
1! for a duration of 30 min. For peak designation see 


Table 1]. 
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Table 12. Effect of sampling time on the development of fresh onion 
volatiles collected by Procedure || and separated by GC on 
Carbowax 1500 coated columns. 


Peak area in cm2 from 10 ml of vapour 
injected after incubation for 


Compound 30 min 85 min 3 4h 4h Pen 7 An 
pre-propanal peaks 0.791 3.54 5.18 5 ei a | 2h 2.04 
propanal 10.97 |e ABs het i 2 as fe | 133-07 9.43 6.42 
propanethiol 1.99 19.43 24.97 3.45 2.90 2.60 
(+ 2-methy]butanal) 
unknown 0.25 0.09 se ss = me 
2-methylpentanal 0.10 0.35 0.80 0.84 0.85 ei2 
(+ methanol) 
propanol Onn 0.33 0.71 0.79 0.71 0.80 
dimethyl disulfide oes 35 0.21 = - = 
2-methy lpent-2-enal Oz27 592 jMaleV 1.06 0.54 C232 
methyl propyl disulfide 0.30 youn tbo 0532 O19" ~ 0.08 
dipropyl disulfide 2.29 eae oe smet 710-6; 039 
propyl cis-propeny| 
disulfide - = 0.20 mi = ~ 
propyl trans-propeny] 
disulfide 0.16 0.25 0. 3/ o = = 
Total bia 52.00 68.26 25729 18.05 C3277 


ALL the peak area figures are means of three replicates and were 
obtained from 200 g of fresh onton slices/500 ml flask held at 40°C 
with No purge gas flow at 20 ml/min. The coefftetent of vartatton 
was < of”. 
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incubation from 30 min to 3 h caused a nonuniform 2.1 to 6.1- 
fold increase in peak areas for propanal, methyl propyl disulfide 
and dipropyl disulfide, while propanethiol showed the highest 
increase (12.5-fold). The sum of all the peak areas was a 
maximum of 68.3 aa after 3 h incubation time. By prolonging 
this time the sum decreased rather abruptly. An additional hour 
of incubation brought about a decrease in volatiles of 2.7 times, 
while a 5-fold decrease in area was obtained after a further 

4 h incubation. These findings proved that, regardless of the 
procedure (I! a or b), the results are dependent on the sampling 


time. 


Dehydrated Yellow Globe onions had chromatograms as shown 
in Figure 21. For laboratory dehydrated samples, when Procedure 
| was applied and the onion to water ratio was increased from 
0.11 to 1.80 (w/v), the number of constituents detected 
increased from 9 to over 20, while the sum of all the peak 
areas rose from less that 5 to 45.6 wach The dehydrated onion 
chromatograms retained nearly all the major volatile constituents 
of fresh onions. However, their amounts were less, while the 
constituents with retention times between 12 to 15 min and 
dipropyl disulfide were below their detection limit at a 
rehydration ratio of 0.11, while at a ratio of 1.80 these peaks 
and several new ones were readily revealed. Chromatograms of 
commercially dehydrated onions were similar to those of laboratory 
dried onions after a 0.1] ratio dehydration. Also, when onions 


were rehydrated in a ratio of 0.11, incubated for 30 min and then 
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Figure 21. GL-chromatograms of dehydrated onion volatiles obtained by 
applying headspace sampling Procedures ! and I! for 30 
min. For peak designation see Table 1]. 


90 


‘on gi ame 
- 7 
os 
a 
U “= 
_ 
7 ‘ 
Fe 
7 
7, " 
= 
‘ 
- 
ae 
; 4 
et 
~ 
iv 
~— 
5 ww 
. 
f 7 


\ 
i if } i 
| t eel m 
- PeUat @ f 
the - J 2 ad pig’ A \ 
as ~* > a } stem ac” id 
-——.... ~e Tr 4! “a. f — + 
AV j\ }} 
a i, Coe aa eae 
hens = A. ; — a > J eae S- 
ne i —_ r 
: OR tera ee es ae Boer 


Cie ee A — = 
- 7 


5 
? = 


jHidy’ asi Meloy owing Sriiayre 
wi i) bry | castonoi®h, gate 
; _-)) olasT see-90B 


91 


assayed by Procedure II, the chromatograms were similar to those 


of Procedure |. 


Chromatograms of fresh and dehydrated onion volatiles 
trapped on Tenax-GC by Procedure II! are shown in Fig. 22. The 
volatiles collected from fresh onion slices during 15 min incu- 
bation and then separated on a Carbowax 1500 coated column 
revealed a total of 28 peaks, with major ones being propanal, 
propanethiol, 2-methylpent-2-enal, methyl propyl disulfide and 
dipropyl disulfide. Unsaturated disulfides and trisulfides were 
not present. Nevertheless, the procedure, though it simulated 
the closed system of Procedure |, was still able to reveal 15 
additional constituents. Similarly, Procedure II! was 
Superior to Procedure II. Chromatograms of dehydrated onion in 
an amount equivalent to the fresh weight assayed by Procedure 
111 revealed a total of 14 well-defined peaks which coincided 
with those of Procedure I! (a or b). However, the relative 
proportions of peak areas differed substantially in Procedure 


The Tenax-GC trapping procedure was used to study the 
variation in the composition of volatiles with extent of dis- 
integration of the onion tissue. Fresh onion was diced, sliced, 
or sliced and blended. In addition onion slices were blended 
with and without water. The samples were incubated in the 
normal manner, and trapped for a period of 15 min and then 
separated on a Chromosorb 101 column. The results are presented 


in Table 13. A comparison of peak areas revealed that with 
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Figure 22. 


Retention 


Retention time, min. 


Chromatograms of fresh and dehydrated onion volatiles 


concentrated previously on a Tenax-GC trap for 15 min. 
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onions sliced instead of diced, the release of volatiles was 
enhanced by close to 25%. Most of the major volatile constitu- 
ents increased in amount. Propanal, propanol and propanethiol 
peak areas increased by 55, 67 and 62%, respectively. On the 
other hand, a few constituents decreased in amount, most 
noticeably dipropyl disulfide (49%) and 2-methylpentanal (98%). 
The results suggested that as the extent of disintegration of 
tissue increased, more volatiles were released and less propan- 
ethiol was converted to its disulfide. However, when disinte- 
gration was as extensive as in the blended samples, the additional 
rise of total volatiles was only 7.1%. Again, propanethiol was 
enriched at the expense of the dipropyl disulfide, and there 


was a noticeable enrichment of methyl propyl disulfide. 


Volatiles collected from a sample blended for 10 sec with 
the sampling jar open and connected to the Tenax-GC trap only 
after blending was completed showed a total loss of volatiles 
amounting to 56.5%. Two major constituents were particularly 
affected: propanethiol and dipropy] disulfide. Their losses 
were 51.7 and 94.3%, respectively. There was also a substantial 


loss of 2-methylpent-2-enal and methyl propyl disulfide. 


Addition of water to onion slices decreased the amount of 
volatiles collected. Thus, sliced onions in water released only 
one third, while sliced and blended samples in water released 
slightly more than half of the volatiles usually released in 


the absence of water. 
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The effect of temperature on release of volatiles was also investi- 
gated. The optimum onion enzyme activity was assumed to be at 4o°c. 
Temperatures of 20 and 70°C were also assayed since they are often en- 
countered in household and institutional markets. The released volatiles 
_incubated at these temperatures were continuously flushed to the Tenax- 

GC trap (with an Ny stream) and then analyzed on Chromosorb 101 columns. 
At all temperatures the number of volatile constituents was the same, 
however, the amount of volatiles greatly increased with temperature. 

The peak area for propanethiol increased by 52% for a rise from 20 to 40°C 
and by 84% for a rise from 40 to 70°C. Dipropy! disulfide, as well as 
some other peak areas, had close to a 90% increase in the range of 20 to 
40°C and slightly less than 60% with an additional rise from 40 to 70°C.. 
When the difference between the total and control pyruvate values of fresh 
onion slices heated at 70°C for 15 minutes were determined according to 
Freeman and Mossadeghi (1971), the pyruvate data obtained corresponded to 
an 80% loss of onion enzyme activity. Hence, a rise in flavor constituents 
of onions at higher temperatures cannot be ascribed to enzyme activity but 
rather to their solubility decrease in water and to an overall increase 


in vapor pressure of the constituents. 


The sampling procedures for headspace volatiles, when compared to 
solvent extraction procedures, do not reliably quantify the higher boiling 
constituents of onions. However, since the volatiles found in the head- 
space are probably those experienced by the consumer, and because of its 
simplicity and ability to avoid artifacts, analysis of the headspace was 


preferred in this study. 


A modified version of sampling Procedure 1, as applied in this study, 


was used by Bernhard (1968), Boelens et aZ. (1971) and Freeman and Whenham 


iguovil ofle egw 20 17a tO 76 ee ee ee 
“Oho a6 Sd bd: Bone Ze id VA 38 nyse. OME 
ose Cenk sie ae nee 08h eaten 2°07 te 08°90. 
Hideloy tazeaTes SR” fecha rendtavatienh tne isloteewor. a 


at 
s a 


~,neng! att of osted)?. ~) 2uéunigdaw ‘sya eaters omen pas 
_ 
gemutos 10 dseaatebyad no Lay! Bns reset anes (enarte lie wt a 


2 pit ¢6w 2inevt decog hielo Yo edmun rf? croc | a 7 
saencant ie neti aglitetcav Yo *nuonms off” > 
Oe dt OS winvt: otis € 10) Sod yg baeg rant Tetdiensioy Wot 


a 


~ 
Bf 

i blew ef) edt yall Yoorgh iis Tg WW nett site vo sib id 
, a a 
94/ 0S éone1 30; ol s2es;3t 200 3 nape ban sae se . 


’ Y9\ a | { mI ci 7 oy : GPs 7 G6 fe chy w mer) wens rest = 


677 to esulav seve lasses “ iaJod sid tisewIed sonora? tJ. of 
ecibye556 banimrs: ah hep : aah et vat ai “sn 
2 rit Ae eT POs “ft (Ge oJ BE sfevutva 3 Liven JngsbearoM bre as 


Mudifenos tovel ot eely p) aed sayeiyitoe opraie aetna Yo: eq! Bt 


ote ee 


do vtiviros @iand 6) heady se Si gees Resnserad tren ach 


esa ia ony 0% *t 
—; ie oo 


; = ; 
ay) bevaquee note ,€¢)) >etov ohnetiiaiat wat roiubeoand 
ifioe retold eth »li¢newp ai teagan ob sc hereg, 


“beg ofa nl ‘ave? ae) bist si? sacha Dian 


a 
4 7 


ea ee 


¢ 


ai to SELRSEd bNe , LEMUR att vd bennei tm ne 


Bi 
zhu aang 20 io gloyl cee, Cae bide! mt 
oak 


A 


a 


96 


(1974). However, as observed by the latter authors, some of the GC find- 
ings related to fresh and dehydrated onions were difficult to reconcile. 
A linear relationship between total GC peak area and onion sample weight 
held only up to 2 g. As shown in the present study, the GC method is 
sensitive, but for reproducibility of results, standardization of the 
sampling procedure is a prerequisite. The extent of disintegration by a 
Waring blendor in a sealed system, incubation temperature of 40°C, and a 
15 or 30 minute sampling time were preferred. Also, a standardized dehyd- 
rated onion rehydration ratio of 1.8 w/v was found to be satisfactory. 
Preliminary concentration of headspace volatiles by trapping in Tenax-GC 
provided a simple procedure for following the changes of both major and 
intermediate constituents. All these findings stress the need for a 
specified common sampling procedure by headspace GC methods for onion 
flavor assessment to compare data on the effects of processing, storage, 


variety, fertilization and irrigation on onion flavor quality. 
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RELATIVE VOLATILITIES 


Experimental 

The organic compounds used were obtained from reliable com- 
mercial sources (Aldrich Chemical Co., Milwaukee, WI. and ICN K & K 
Labs Inc., Plainview, N Y ) and checked for their purity by gas 
chromatography (GC) before use. The water was distilled and then 
boiled to remove volatile impurities and air. The GC apparatus 
was a Hewlett Packard Model 5710A with dual flame ionization 
detection. The dual columns were 2.44 m x 3.175 mm 0o.d. stainless 
steel packed with Chromosorb 101, 80/100 mesh and operated at 
temperatures ranging from 80°c for ethanal to 180°C for dipropy] 
and dially]l disulfides. Nitrogen was used as the carrier gas and 
the flow rate was 30 ml/min. Hydrogen flow rate was 25 ml/min and 
air flow rate 275 ml/min. Hamilton gas-tight and conventional glass 
cylinder and barrel type syringes were used to inject the vapor 


and liquid phases into the GC unit. 


For the determination of the partition coefficient, a volume 
of the chemical under test which would give a concentration of 
5 - 500 ppm (w/w) was added to 135 ml of boiled distilled water at 
room temperature in a 270 ml Teflon bottle. The bottle was closed 
immediately, shaken vigorously and placed in a 26°C constant 
temperature water bath for 15 min or more to equilibrate. The needle 
of a 2.5 ml gas-tight syringe was then pushed through the rubber 
cap of the bottle and the headspace gas forced into the syringe by 
squeezing the bottle. The vapor phase sample, 2.0 - 2.5 ml, was 
then injected directly into the GC apparatus through the silicon 
rubber septum injector. Solution samples, 2.5 - 10.0 a1, were 


taken out of the bottle, used for the vapor samples, and injected 
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immediately into the GC unit. Solution-and vapor samples were 
injected alternately so that a change in the concentration of the 
solution due to vapor removal would be compensated for. The Injector 
temperature was maintained at 200°C to ensure rapid vaporization 

of the solution, and the detector temperature was 250°C. The air/ 
water partition coefficients were determined as k = (weight of 
solute per ml of air)/(weight of solute per ml of solution) at rit 


and 1.0133 x 10° Pa. 


The GC peaks area of the solution and vapor peaks were measured 
with a Hewlett Packard 3380A electronic integrator. The injection 
of both solution and vapor allows the cancelling out of the GC peak 


area to weight conversion factors and simplify the calculation to 


Peak area (vapor)/vapor sample volume 


k= Peak area (liquid)/liquid sample volume (6) 

For each compound, k was calculated as the average of at least 
four determinations. From the values of k the relative volatility 
of each compound, i.e., the ratio of the volatility of that compound 
and the volatility of water at the same temperature, was calculated 


directly as: 


he L 
Virx. RT 0) y 
Mo took 6 aM) =k + SH =k + 4.3333 x 10" (7) 
Vix 
ORO MP Ec 


where Yi and Y, ares respectively, the concentrations in mole fraction 


of aroma component and water in the vapor in equilibrium with the li- 


. ° S . 
quid phase in which their concentrations are x; and X53 Py saturation 
’ 


pressure of pure water at 25° = 3.169 x 10? Pa; T = 298.16 Ks Py, 


density of liquid H,0 = 997.11 kane: R, gas constant = 8.3143 x 


2 
10° J/K k mole; Me molecular weight of water = 18; and P, density 


of water vapor at 25°C = 2.3062 x 1072 kg/m3. 
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Results and Discussion 

Table 14 lists the relative volatilities found for the 
compounds examined together with the partition coefficients, boiling 
points and molecular weights. The air/water partition coefficients 
are given to allow for the rapid calculation of an unknown concen- 
tration in one medium when the concentration is known in the other 
medium. The boiling points and molecular weights have been taken 


from the Handbook of Chemistry and Physics (1973). 


Upon examining the results in Table 14, it is immediately 
obvious that the volatility of the compounds examined varied 
appreciably. Propanethiol, for instance, was about fifteen thousand 
times more volatile than methanol and over one hundred times more 
volatile than propanal. Also, dipropyl disulfide was four times 
less volatile than methyl propyl disulfide and over two and one- 
half times less volatile than diallyl sulfide. Less obvious is the 
fact that,while the volatility of aldehydes and alcohols increased 
gradually with the molecular weight and boiling point, the vola- 
tility of the sulfur-containing compounds: followed the opposite 
trend. This may be due to their difference in solubility in water, 
as well as to the unique properties of the sulfur atom. The intro- 
duction of two double bonds, dipropyl disulfide vs. diallyl disulfide, 
increased the volatility by two and one-half times. This may be 
due to the partial shifting of the electron pair and, hence, to the 


lack of hydrogen bond between water and sulfur. 


There are no published volatility data of sulfur-containing 
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Table 14. Relative volatilities, air/water partition coefficients, 
molecular weights and boiling points of fourteen onion 
volatiles. 


Boiling Air/water partition Relative 


Molecular pointP coefficient volatility 

Compound weighta (9c) (k) (a, 3) 

Propanethiol 76.2 Rie Wake O25 x 10 | TSG ANG 
me nimetvithtophenc: <\l2.2 - 146.7, ¥.08-2-0.20° x10. 4 680 
Methy! propyl sulfide 90.2 Seem Stay *. 0-75" x, 10°- O40 
Dimethyl disulfide 94.2 109.0 4.69+0.02 x10 2,032 
Dipropyl disulfide 15063 s193ea: 2-25 * 0.20" x 10: - 975 
Allyl methyl sulfide 88.2 92.0 8.05 + 0.65 x 10° 3,488 
Diallyl sulfide Hees ee S66. 20834) oe 10k 22453 
Diallyl disulfide 146.0 er eerceseee OL SOL-L0as 2633) 
Ethanal lly 1 20.8 2.48 40.25 x 10> 107 
Propanal 50.1 48.8 3.43 40.25 x 10> 149 
Methanol Gm | GheG «(3202+ O50) 1007 Le 
Ethanol 46.1 Tas eG ede ta 0G) x. 100" 2.8 
1-Propanol 60.1 97.4. 10.81 * 0.87 x lo"? 4.7 
2-Propanol Goat «82H 19.61 £1.60. x. 107 8.5 


ie Handbook of Chemtstry and Phystes (1973). 


© standard deviation. 
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compounds with which to compare the figure obtained in this 
work, but a comparison of the volatility figures for ethanol 
and propanal with those of Buttery et al. (1969) was made and 


the difference was found to be within the experimental error. 


The high relative volatility values obtained for some of the 
most important onion flavouring components (e.g., propanethiol, 
dipropyl disulfide) indicates that these compounds will reach the 
olfactory sensors more abundantly when fresh onion is cut and that 
the potential loss during dehydration is very high. This is because 
flavour components in liquid foods, or foods with low dry matter 
content, undergoing drying have the tendency to evaporate much 
faster than water. After partial evaporation of water, if the 
vapor removed is in equilibrium with the liquid and if there is no 
concentration gradient in the solution, the retention of a flavour- 
ing component, i, can be expressed by the following expression 
(Menting et al. 1970): 

i My Oe | 
Muss a irra 10 (8) 
10 Wo 


where Meo and M, are the amounts of flavouring component and water 


Wo 


initially present in the solution and M. and Mi are the amounts left 


after partial evaporation. According to this equation, with Qe 
values of the magnitude shown in Table 14 , drying of onion will 
result in a very rapid depletion of the flavour. This can be illus- 
trated by the following example. The retention of dipropyl di- 
sulfide, a compound with rather intermediate volatility will be 


3 43, 


5.6 x 10 7% when only 1% of water is evaporated, and 2.4 x 10. 
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when 10% of the water is evaporated. The retention of 1l-propanol, 
a compound with low volatility, will be much higher than dipropyl 
disulfide, 95% and 61% for 1% and 10% of the water evaporated, 
respectively. Fortunately, equation (8) holds only if the evapor- 
ation at the surface is not limited by the mass transport in the 
liquid phase. In the dehydration of onion this condition can only 
be fulfilled at the very beginning of drying. At low water concen- 
trations the diffusion coefficients in the liquid and solid phases 
are very low (Thijssen, 1971) and, thus, the resistance to mass 
transfer in these phases becomes much greater than that in the 

gas phase, hence, even after over 95% of the water has been removed 
from onion slices there is still sufficient flavour to give de- 


hydrated onions their well-known flavour. 
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4, MOVEMENT OF SELECTED VOLATILE COMPONENTS 


4.1 Experimental 

The onions were those used for the dehydration study and of the 
White Globe type (cv. Improved South Port White Globe). The dry matter 
content of the white onion was 21.11%, as compared to 12.87% for the 


Yellow Globe type. 


Volatiles present in fresh and dehydrated onion were measured using 
the gas-entrapment, on-column trapping technique described previously. 
The dried onion was crushed and screened before analysis, and only the 


fraction greater than 1.7 mm and smaller than 4.0 mm in length was used. 


The location of volatiles in onions was determined with a simple 
optical microscopic technique and by a sensory panel. For the micro- 
scopic technique, bulbs of onion were cut into blocks to fit a hand micro- 
tome equipped with a razor blade (Scientifice Supply, Madison, WI). Ten 
to 15 sections of about 200 wn thickness were then cut and Cero rcn to 
microscope slides. The slices were spotted with 1% aqueous silver nitrate 
solution and photographic images of different fields were recorded at 50X 
magnification. Enlarged photomicrographs of 150X magnification were then 
developed. The images were taken with an Olympus Model BHA microscope 
equipped with an Olympus camera (Olympus Optical Co. Ltd., Tokyo, Japan). 
For the sensory evaluation, different portions of the onion scale were 
removed (narrow portion containing the vascular bundle region, section 
without vascular bundle, outer epidermis) and evaluated for typical onion 


flavor by two individuals who had experience in judging onion. 
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Results and Discussion 

A typical gas liquid chromatographic scan of fresh South Port 
White Globe onion is shown in Figure 23. The identified compounds 
are presented in Table 15, with their retention times (peak numbers) 
of Figure 23. The tabulation notes the certainty of identification. 
A positive identification represents agreement with published mass 
spectra data and with retention time of pure compounds on the 
Chromosorb 101 column. Figure 15 shows a chromatogram of the 
compounds present in dehydrated Improved Autumn Spice onion. This 
chromatogram was obtained from a mixture of 9.1 g of onion with 29.1% 
moisture content, and 40.9 ml H,0. This mixture is equivalent to 50g 
of fresh onion. The qualitative composition of the compounds in 
fresh white globe and fresh yellow globe type onion was essentially 


the same as that of the dehydrated product. 


For the retention of volatile compounds during drying of liquid 
foods and model systems two basic mechanisms have been proposed. The 
selective diffusion concept (Thijssen & Rulkens, 1968; Menting et al., 
1970), and the microstructure concept (Flink & Karel, 1970a,b; 1972). 
According to the selective diffusion concept, the transport of both 
water and volatile compounds in a drying liquid food is governed by 
molecular diffusion. The diffusion coefficients of water and of 
volatiles decrease strongly with decreasing water concentration; the 
decrease of the diffusion coefficient of volatiles, is, however, much 
sharper than that of the diffusion coefficient of water. Some time 
after the beginning of the drying process the interfacial water 
concentration in the liquid food drops to such a low value that a 


"dry skin'' is formed. 
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Figure 23. Gas chromatograms of vapour of fresh South 


Globe onions. 


Port White 


105 


- ag at 
—— — ——— an 
a - > ti 
an ond 
ad ” 
i ~~} 
™ 
| 
et \ 
* ~——. _-« 


> ” 
* 
; a 
» 7 ae 
- » Te 
4 
aa ft A 


‘ P — 

me | _ hae 
7 aa 

sae dW ga08 oc cf 12s 17 te: pe ® _sineeriiey ts ee 

_ * mata 


a 


utd : Li 


sae 


106 


Table 15. Compounds identified in headspace of sliced onion 
with a Chromosorb 101 column. 


Identification 


Retention 
time Compound Positive Tentative 
| ks at fe Propanal + 
15.26 Propanol = 
19.94 Propanethiol + 
30.79 2-methy1-2-pentenal a 
35.68 Methyl propyl disulfide + 


42.23 Dipropyl disulfide + 
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Figure 24. Gas chromatogram of vapour of partially dehydrated 


Improved Autumn Spice onion. 
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At this low water concentration the diffusion coefficients of the 
aroma components are so much lower than that of water, that the 
dry skin is virtually impermeable to aroma components. The 
microstructure concept has been used for the description of aroma 
retention in freeze-drying. |t postulates that, during freezing 
and subsequent drying, microregions of high solute concentrations 


are formed in which aroma molecules may be entrapped. 


The relationship between moisture content and 'total' onion 
volatile retention is shown in Figure 25. This shows that 
during the initial drying phase the volatiles escape rapidly. 
Once a moisture content of 70-75% has been reached, the rate de- 
creases, and from a moisture content of 35-40% onward hardly any 
more volatiles are lost. Total volatile retention is, however, 
misleading, since it reflects the behavbour of the components 
present in higher concentration, and it is the concentration and/or 
the odor threshold of the individual volatiles as well as the 
proportions of the mixture components that determine the quality 


of the food product. 


Figure 26 illustrates the percent retention of propanol, 
dipropyl disulfide, methyl propyl disulfide and propanethiol as 
a function of moisture content. A comparison between these four 
curves shows that each volatile behaves differently during drying. 
To be noted in the figure is the different moisture content at 
which these four compounds were locked in. Propanethiol retention 
leveled off at about 70% moisture content, methyl propyl disulfide 


at about 50% moisture content, dipropyl disulfide at about 25% 
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Figure 25- 


iad 20 se 40 60 0 70 20 
Moisture Conte nt(®) 


Retention of 'total' onion volatiles in percent of the 
initial amount in drying onion slices as a function of 
the moisture content. Drying conditions: 50°C and 
8.1 m3/min air flow rate. 
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Figure 26. Propanol, dipropyl disulfide, methy] propyl disulfide and 
Propanethiol content in percent of the initial amount in 
drying onion, as a function of moisture content of the 


Onion slices dehydrated at 25°C. 
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moisture content and propanol at even lower moisture content. 
This behavior was observed under many different drying conditions, 
and seems to imply that the loss of each compound ceases at a 
moisture content which is specific to that compound and, perhaps, 


to onion only. 


The relative concentration of these four compounds in the 
fresh onion, as estimated from the peak areas, was approximately 
100 for propanethiol, 25 for dipropyl disulfide, about 5 for 
methyl propyl disulfide and 1 for propanol. From an analysis of 
the published results (Chirife et al.,1973; Bartholomai, et al., 
1975) on volatile retention vs. initial volatile concentration, 
it appears that the final retention of compounds having similar 
properties can be approximately predicted by assuming that the 
final retention varies linearly with the logarithm of the initial 


concentration. 


If we take propanol as a base and apply this approximate 
proportionality to the results presented in Figure 26 we find 
that the calculated final retention for propanethiol is about 4% 
as compared to the observed retention of 5%. The calculated 
retention for dipropyl disulfide is about 17%,as compared to the 
observed retention of 8%, and the calculated retention for methyl 
propyl disulfide is 33%, as compared to the observed retention of 
about 16%. From the basic properties of these compounds (Table 

16),it can be seen that propanethiol is more similar to propanol 
than are dipropyl disulfide or methyl propyl disulfide. This 


likely results inthe relative agreement of retention, 4% and 5%, 
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Table 16. Physical constants of some onion volatiles. 


Molecular Boiling 


Molecular length point Solubility 
Compound weight (A) (°C) in water 
Propanal 58.08 3.08 48.8 Soluble 
Propanol 60.11 3.08 97.4 Miscible 
Propanethiol 7S ef 4.89 67.8 Slightly soluble 
Methyl propyl disulfide L22..16 8.74 -- Insoluble 


Dipropy] disulfide 150.31 11.82 193.5 Insoluble 
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and indicates that the difference in final retention between 
propanol and propanethiol is mostly due to the difference in 
initial volatile concentration. On the other hand, the losses of 
dipropy!] disulfide and methyl propyl disulfide are higher than 
expected on the basis of concentration alone. These compounds 
are very different from the others, as Table 16 reveals. Particu- 
larly significant would be their molecular size and limited 
solubility in water, which has been shown to be a critical factor 


(Massaldi & King, 1974a, b; Smyrl & Le Maguer, 1978). 


Also to be noted in Figure 26, is the difference in rate of 
loss of these four particular compounds before they were locked 
in. Propanethiol was lost very rapidly, methyl propyl! disulfide 
and dipropyl] disulfide were lost at lower rates, and propanol was 
lost at an even lower rate. These differences in rates of loss 
can be attributed to differences in initial concentrations, 
differences in relative volatility of the four compounds and to 
their differences in affinity for water, solids and other chemicals, 


including volatile compounds. 


The relative volatilities of propanethiol, dipropyl disulfide 
and I-propanol varied appreciably (Table 14). Propanethiol, 
for instance, was about four thousand times more volatile 
than propanol and about 20 times more volatile than dipropyl 
disulfide. As discussed previously, according to the equation 
developed by Menting et aZ. (1970) with Oe values of the 


magnitude shown in table 14, drying of onion will result in 
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a very rapid depletion of some of the flavour components but not 
necessarily of others. This can be illustrated by the following 
example. The retention of propanethiol, a compound with very high 


83 


relative volatility, would be 1.8 x 10 7% when 1% of the water is 
evaporated. However, the retention of propanol, a compound with 
low volatility, would be 95% and 61% for 1% and 10% of the water 
evaporated, respectively. The Menting et al. (1970) equation, 
however, holds only if the evaporation at the surface is not 
limited by mass transport, and in dehydration of onion this con- 
dition can be fulfilled at the beginning of drying. Hence, at 
least during this phase of drying, the differences in rates of 


loss between onion volatiles can be partially attributed to the 


differences in relative volatilities of the compounds. 


The lower rate of loss of propanol at higher moisture contents 
than at the intermediate ones appears to be due to some synthesis 
of this compound within the onions after the initiation of drying. 
This implies that, although the rate of loss of this compound is 
probably similar to that of the other compounds investigated, its 
simultaneous synthesis and loss result in the unexpected overal] 


effect. Further work to elucidate this interaction is necessary. 


Figure 27. shows dipropyl disulfide content in per- 
cent of the initial amount in drying Yellow Globe and White Globe 
onion as a function of drying time. As stated previously, the 
initial solids content of the two types of onion was 21.11% for 


white and 12.87% for yellow type. The ratio between the dipropyl 
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ed © YELLOW GLOBE 
OO WHITE GLOBE 


50 


40 


DIPROPYL DISULFIDE RETENTION (7) 


20) 


DRYING TIME Chr) 


Figure 27 Dipropyl disulfide content in percent of the initial amount 
in drying Yellow Globe and White Globe type onions as a 
function of drytng time. Drying conditions: 50 -C and 
8.1 m3/min air flow rate. 
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disulfide concentration, as determined from the peak area present 

in the fresh white to the dipropyl disulfide concentration present 
in the fresh yellow onions, was 3.38. If one assumes, based on data 
available for sparingly soluble compounds (Smyrl & Le Maguer, 1978), 
that the effect of initial solids concentration on the final vola- 
tile retention is linear in this range, and that the effect of 
initial volatiles concentration can be predicted from the previous 
argument, a correction for initial solids and initial concentration 
would lead to a calculated value for the final retention of 232%, 


which compares quite favorably with the 22% observed. 


The results of the microscopic analysis are shown as repre- 
sentative photographs in Figure 28. Figure 28(a) and 28(b) show 
typical longitudinal and tangential views of vascular bundle and 
Surrounding parenchyma cells (Appendix 9). The dark area in the 
photographs indicates the location of the sulphur-containing vola- 
tiles which reacted with silver nitrate (Becker & Schuphan, 1975). 
This reaction is specific to sulfur-containing components of onion, 
and it results in a black silver sulfide which is practically in- 
soluble. This was demonstrated by treating the stained onion tissue 
with concentrated potassium cyanide solution. It was found that 
there was an immediate disappearance of the black color in the cells 
immediately adjacent to the vascular bundles (bundle sheaths), while 
the outer epidermis and the parenchyma tissue, even after 6 h of 


treatment, retained a greyish and reddish tint, respectively. 


The results of the taste panel evaluation confirmed the 
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Figure 28. Cross section of ripe onion scale tissue stained with 
1% aqueous silver nitrate (magnification 150X). (a) 
Longitudinal section through vascular bundle; (b) Tan- 
gential section of the same bundle. 
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microscopic observations by showing that the onion flavour was 
most pronounced in the section containing the vascular bundle. 
The section without the vascular bundle was designated as sweet, 


and the outer epidermis was found to be bitter. 


Upon examining the photographs presented in Figure 28, from 
the standpoint of existing theories on volatile retention, it is 
apparent that the onion volatiles are located within natural 
microstructures, and it is probable that as drying proceeds local 
high solute concentration zones would form. So that one would 
most likely have a mechanism of volatile retention compatible 
with the microregion concept. On the other hand, since the cells 
of the bundle sheath, where the volatiles are located, are 
adjacent to the exylem and phloem, which are adapted to the move- 
ment of water and other plant nutrients, it is conceivable that, 
once drying has begun and the selective cellular transport has 
been disrupted, the volatiles may well tend to escape through 
these conductive tissues. The fact that the volatiles are not 


lost completely with drying indicates that selective transport 


across cellular elements plays a major role. 


Figure 29 shows a schematic representation of a partially 
dried onion slice with representative aroma-containing cells. 
Transport of water to the surface as pointed out previously 
occurs in the gas phase, and it is caused by the negative 
concentration gradient in the direction of the surface. When the 
drying front reaches a cell containing aroma, it can be expected 


that water and aroma migrate through the cellular membrane as 
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Figure 29. Schematic representation of a drying onion slice with 
representative aroma-containing cells. 
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liquids, at a rate corresponding to the cellular permeation flux, 
and then evaporate. From membrane permeability studies (Roman 

et al.,1979; Rotstein & Cornish, 1978), it is known that the cel- 
lular water permeation flux is higher by several orders of magni- 
tude than the water vapor fluxes observed in this study. Thus, 
there is strong indication that the drying process is controlled 
by resistances external to the cell. Aroma, however, is probably 
retained mostly within the cell. This is because,as water leaves 
the drying cell, the solute concentration within the cell 
increases, thus restricting the flow of the aroma compounds out 

of the cell. The quantityof aroma locked in the cell is thus 
dependent on the initial concentration of the volatiles, solids 
concentration, temperature, properties of the aroma components 

and properties of the cellular membrane. Small quantities of 
aroma may be adsorbed on the already dry layer as it migrates to 
the surface (Figure 29 ); however, the contribution of adsorption, 
as compared to that of entrapment, to the total amount of volatile 


retention is probably small. 


Other workers dealing with food models (Bomben et al., 1973) 
have observed that the ratio of the liquid diffusion coefficient 
of an organic component (D;) if present at low concentration, to 
that of water (D) tends to decrease very sharply with decreasing 
water content. This implies that at low water concentration the 
ratio Di/D becomes so small that the system can, in fact, be 
considered as being permeable to water only. Thijssen (1971) 
reports that this selective diffusivity for water at low water 


concentrations is a property that all noncyrstalline hydrophilic 
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Organic systems have in common and has called the ratio D;/D the 
"selective diffusivity''. According to Thijssen, the selective 


diffusivity is strongly dependent on temperature. 


Figure 30 shows results for dipropyl disulfide retention at 
four dehydration temperatures as a function of moisture content. 
The results obtained for other volatiles with respect to tempera- 
ture were similar, although not as striking. Figure 31. shows a 
plot of critical moisture content (the moisture content at which 
the aroma is locked in) as a function of temperature for dipropy] 
disulfide retention. It can be seen that final retention increased 
with increasing dehydration temperature. This can be explained 
by the increased solubility of the volatile with increasing 
temperature, which results in the maintaining of the volatile in 
the water phase, hence, increasing retention. Also, by increasing 
the temperature, the drying rate increases. This leads to a more 
rapid formation of the dry layer, and to a lowering of the 
diffusion of the flavour component at the evaporating surfaces. 

It is also possible that, due to the high rate of drying and the 
cellular nature of the material, local high solute concentration 
zones would form. Therefore, one would most likely have a drying 
process in which the selective diffusion concept and the micro- 


region concept would both apply. 
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Figure 30. Dipropyl disulfide content in percent of the initial amount in 
drying Yellow Globe type onion, as a function of the 
moisture content of the onion slices dehydrated at 25, 
40, 50 and 65°C, and 8.1 m3/min drying air volumetric 
flow rate. 
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Figure 31. 
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Effect of temperature on the critical moisture content 
of dipropyl disulfide retention. 
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5. AROMA INTENSIFICATION 


5.1 Experimental 

Dehydrated, chopped onions with approximately uniform final moisture 
contents of 9.0% and dimensions of 1.5 x 2.5 x 6.5 mm were used for this 
aspect of the study. The onions, cv. South Port White Globe, were grown 
at the Alberta Horticultural Research Center, Brooks, and dehydrated as 


described previously. 


Gas chromatograms were made for the volatiles trapped on Tenax-GC 
in 15 minutes at 40°C and in 30, 60 and 120 minutes at 22°C. Samples 
were prepared by mixing 11.6 g of onion with either 38.4 ml of freshly 
boiled distilled Hj0 or an equal volume of cysteine solution Clpoll 
using the method described previously. Nitrogen, at 40 ml/min, was used 
to continuously flush the volatiles from the sample to the Tenax trap. 
GC retention time data and comparison of mass spectra with standard 
spectra were used for the identification of some of the compounds. A 
Hewlett-Packard model 5710A gas chromatograph was used for the GC-MS 
analysis. Stainless steel columns, were used to separate the volatiles. 
The columns were temperature programmed Aen all runs. The oven was held 
at 60°C for 4 minutes after injection, then programmed at 4°C/min to 190°C 
with a final period of 24 minutes at 190°C. The flame ionization detector 
temperature was 250°C. Nitrogen was used as the carrier gas and the flow 
rate was 30 ml/min. The area of the peaks was measured with a Hewlett- 


Packard 3380A electronic integrator. 
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Results and Discussion 

The chromatograms of the headspace volatiles from rehydrated 
Onion and water, and onion and cysteine solution mixtures held at 
ho°c and trapped on Tenax-GC in the first 15 min of mixing are 
shown in Figure 32. The area under these peaks is given in Table 
17. together with the A area and the identity of some of the 
compounds. The numbers shown near the peak apex in Figure 32-A, 
which refer to the retention time in minutes, are used in Table 
17. as the peak designations. In the first 15 min at 40°C the 
effect of cysteine was to decrease most peaks, with the exception 
of dipropyl disulfide and two unknowns. Most pronounced was the 
decrease in propanethiol and propanal, which go from a peak area 
of 125.0 mae to 35.5 oe and from 56.21 to 10.06 =. respectively. 
This corresponds to decreases of 71.6 and 82.1%. Dipropyl disulfide 
on the other hand, increased by 23.8% in the sample rehydrated with 


1 g/L cysteine solution. 


The difference in volatiles developed at 22°C from onion re- 
hydrated with water and with cysteine solution is illustrated in 
Figure 33. The chromatograms show a varying number of peaks, 11 
for the onion sample rehydrated with water for 30 min, to a maximum 
of 14 peaks for the sample rehydrated with cysteine solution for 
120 min. The means of three replicates of the areas under these 
peaks are shown in Table 18 together with the percentage change 
in areas and the identities of the corresponding compounds. The 
retention times given previously in Table 17 are also used in 


Table 18 for peak designation. 
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Gas chromatograms of headspace volatiles developed from 
onion at 40°C and trapped on Tenax-GC for 15 min: (A) 
sample rehydrated with water; (B) sample rehydrated with 
cysteine solution. 
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Table 17. GC headspace peak areas and area percent of onion rehydrated 
with water or cysteine solution for 15 min at 40°C. 


Peak with Peak ee (cm”) Area (2%) 
retention ee 
time (min) Compound Water Cysteine A Arese Water Cysteine 
13.53 Propanal 56.21 10.06 + 46.15 22.92 8.89 
15.17 Propanol 5.82 2.86 + 2.96 ri, 2.53 
20.72 Propanethiol 125.00 35.50 + 89.50 50.97 31. 36 
225 SO Unknown . 34 4.92 - 4.58 0.14 4.35 
26.80 Unknown 3.57 2-76 + . 8) 1.45 2.44 
30.45 2-Methyl pent- 
2-enal 4.91 3.28 + 1.63 2.00 2.90 
32.44 Unknown Liza Nc 72 + 4,20 6.49 10.35 
35.38 Methyl propy| 
disulfide 5.69 4.70 + 99 2e3e 4.35 
36.43 Unknown See 5.24 meee ee &.:35 4.60 
42.23 Dipropy] 
disulfide 24.49 32.16 =) ae] 9.98 24.41 


‘the peak area figures are means of three replicates and the coeffictent 
of vartation was < 5%. 


ae stgn = water supertor in volattle development 


- sign = cysteine supertor tn volatile development. 
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Figure 33. Gas chromatograms of headspace volatiles developed from 


onion at 22°C and trapped on Tenax-GC for different times. 
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As with the samples rehydrated at 40°C for 15 min, the effect 
of cysteine on volatiles developed for 30 min at 22°C was to reduce 
the area under most peaks. The exceptions were two of the unidenti- 
fied peaks, which increased. Major decreases occurred in propanal, 
Ppropanethiol and propanol. Dipropyl disulfide, which has been used 
to assess the pungency of onion (Tewari & Bandyopadhyay, 1977), 


also decreased in the sample rehydrated with cysteine solution. 


When sampling time was increased to 60 min, cysteine stil] 
reduced the total peak area by 13.2%, but the decrease was less 
than for the 30 min sampling. Propanal, propanol and propanethiol 
decreased by 83.2, 50.8 and 73.9%, respectively. 2-methyl pent-2- 
enal, methyl propyl! disulfide and an unidentified peak decreased 
by 2.2, 16.2 and 3.9%. Most importantly, dipropyl disulfide and 
two unknowns increased by 38.2, 92.2 and 15.6%. After 2 h of 
sampling the effect of cysteine was nearly reversed. Instead of 
Suppressing most of the peak areas, it increased them. Thus, 
the total area of the ten major peaks increased by 8.2%, and a new 
peak having a retention time of 48.97 min appeared. Its area was 
4.91 x 107 et as compared to 3.98 at for the same peak in the 


sample rehydrated with water (see Figure 33). 


Table 18 also shows that, for the lower boiling point vola- 
tiles, such as propanal and propanol, the peak area generally does 
not double with doubling of the sampling time. In the samples 
rehydrated with water, for instance, the peak area for propanal 
increased from 32.60 io after 30 min to only 40.80 oe after 2 h. 


The peak area for the higher boiling point volatiles, on the other 


ysatt9 9s ater’ 2) 207 oe os iia el be 


subé> 027 20 ot cs nim Of 9) Sears we eotitetav aa. os" 


HSbitu Sry to cvs ssw enc hQeoKe SHE = ood ‘sao shen att 


Lene 1i wattdsoo. 2bzses7Se> oi operon! datthe ate oe 
~ = _ 


a0 7 

9 ser doitw tit veh. (eee nai: 4 bn fortes ea 
. iv ou 

heanovnne ti 4 set) cote! ee AP tO vanes Bie: any pees 


ry 


acizutoe aalakies ftw bese ste st pram a 4 

: iy an tar 

Lio sniareys nim OF oF orn ts nt Lame ned 7 
; | . nee 

oh cow saewtodh of Feet F220 ee nage. nig: 030) arts beouber: | 

or gt tt a ‘iy nin 08 Ron: “yah on io 


~S> live fyr At 3 (ieviya mer {fF FT 'e Me © eee 8.28 depuciet sb 7 
4= 2 oe. _ 


We tap byman4 one tens 


- 


‘ a4 af 


foc S4e0TA .td.2r ene $ Re SOP vd begs eae) eon over 
: . ‘eae 


wl “ 


40° bes: 2: haciavet vineéaew anhat ays to seetteiate ane 


af 


Ora wh leet . iyqnieih cwiaaadgegns 2h eee a 


ie 


seunT mos. beepauod) 3] /eeee svat os ty Seo saan 
iv = wn ae rr 


neg gt:8 (dc: Sevgpioni 248455 al rend os re Foun te Q3 2 ad. 


27 


"sy soie ef? |" .beteas jim FEB" te ‘td i gated 


silt ai Mseq amée 9h? 05). a SEE OF boapeut yt 


AGEs a cae werey dain 
=> 


1 


+7 a? 


“minw INOS oni) Tod ewe) oie 10% ated e nite 
| eae 
age oa 
fish ‘xt! Sonar gee ste se ni _ Fanpnqueg o 


j : i =e a Gs 
ea! tnee ses at arts coe > pt 


core mn at a0 


ae oo) ni 
a 


131 


hand, more than doubled when the sampling time was doubled. The 
area of the propyl disulfide peak in the sample rehydrated with 
water increased from 71.93 ens after 30 min sampling, to 162.68 em” 
after 60 min, and to 390.31 cui after 120 min sampling. In the 
sample rehydrated with cysteine solution, dipropyl disulfide peak 
area rose from 56.56 eae after 30 min, to 224.88 ees after 60 min, 
and to 491.27 era after 120 min sampling. Similar results were 
obtained when volatiles of fresh onion samples were trapped for 


different lengths of time. Doubling of the size of the trap did 


not alter the results significantly. 


A comparison between the results presented in Table 17 and 18 
shows that volatile development was generally enhanced by tempera- 
ture. The peak area for propanal, for instance, was higher for 
the samples held 15 min at ho°c than at 22°C for 30 min. At these 
two times and temperatures, the propanethiol peak had nearly the 
Same area, while dipropyl disulfide was much higher in the samples 


rehydrated for 30 min. 


All these results do not, by any means, alter the findings of 
Schwimmer & Guadagni (1967) that adding cysteine to food products 
prepared from onion increased their odor intensity. Thepresent results 
actually confirm this, but only when at least 1 h has passed from 
the start of the rehydration process at ais Rehydrating of onion 
with cysteine solution instead of water for a 30 min period will 
have an undesirable effect on odor intensity, as assessed by percent 


change in peak area [calculated as 100 x (Peak Peak 


water. cysteine) 


divided by Peak ]. After 2 h of onion rehydration, 
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Propanal, which has been suggested as an index of the lachrymatory 
properties of onion (Tewari & Bandyopadhyay, 1977), was 72% lower 
in cysteine than in water. Based on these results, it seems that 
the 20-fold increase in odor intensity obtained by subjective test 
panel judgement (Schwimmer & Guadagni, 1967) seems to correspond 


to our 20.4% area increase for dipropyl disulfide. 


The question can be raised whether the observed cysteine 
effect is the result of direct influence on the enzymatic alliinase 
reaction, which converts non-volatile cysteine sulfoxide flavour 
precursors to volatiles, or is the result of a simple interchange 
between cysteine and the intermediate products of the enzymatic 
breakdown of precursors. Figure 34 shows the scheme proposed by 
Boelens et al. (1971) for formation of propanal, along with some 
other volatiles, following alliinase action on trans-(+)-S-(I- 
propenyl)-L-cysteine sulfoxide. Their scheme also involves con- 
version of pyruvate to aldehydes. It is not known whether enzymes 
are involved in some or all of these steps, but the addition of 
cysteine may very well alter these reactions and may result in 
the observed decrease in propanal peak area. Whitaker (1976) 
suggests that alcohols in onion may arise from the action of 
alcohol dehydrogenase (Alcohol: NAD oxidoreductase) on the cor- 
responding aldehydes. If this is true, then the decrease in pro- 
panol with the addition of cysteine must be less than the decrease 
in propanal. As seen from Table 18, this is the case. Schwimmer 
& Guadagni (1967) attributed the increase in odor intensity, at 
least in part, to participation of cysteine in SS-SH type inter- 


changes involving di- and mixed methyl, propyl, and propeny| 
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CH3CH=CHSCH>CHCOOH 
| 
0 NH 


ca each OR CH3CHACH=SO + CH3COCOOH + NH 
0 


(CH3CH=CHOH) + S CH3CHO + CO> 
CH3CH = CHCHO 
CH3CH. CHO 
CH3CHoCH>CHO 
a panda rete Tecan lees 
CH Speeae rear, ita vate 
CH3 CH3 
Figure 34. Formation of carbonyl] compounds in onion, as proposed by 


Boelens et al. (1971). 
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derivatives of disulfides, trisulfides, and thiosulfinates, as 
well as thioaldehydes and H.0. The mechanisms by which sul fur- 
containing volatiles arise from the thiosulfinates and from 
thiopropanal-S-oxide are not well elucidated, hence, it would be 
rather difficult to speculate on why, for instance, propanethiol 


decreased and dipropyl disulfide increased with the addition of 


cysteine. 
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IV. CONCLUSIONS AND RECOMMENDATIONS 

Conclusions 

Air drying, rehydration characteristics, and moisture sorption 
properties of Improved Autumn Spice onion slices were investigated. 
From the isotherms at 10, 30 and 45°C, monolayer sorption values, 
isosteric heat of sorption, spreading pressure, molar entropy and 
equilibrium heat of sorption were calculated, and an attempt to 
relate the values of these functions to the way water is bound to 
the solid matrix was made. This information has provided an under- 
standing of the limiting values for the dehydration process and a 


better idea of the state of water in onion. 


From the drying-rate curves, at different temperatures and air 
flow rates, effective diffusion coefficient, heat and mass transfer 
coefficients, Biot number, tortuosity, and theparameters aandP, which 
determine the degree of internal and external mass or heat transfer 
control, were determined. It was found that the removal of water vapor 
from onion slices cannot be explained in terms of a single mechanism. 
The reason is that there are changes in behavior depending on the rate 
of drying. As a result, while at high drying air temperature and flow 
rate the process is internal mass transfer controlled, at lowdryingrate 


it shows the influence of external heat and mass transfer resistances. 


Specific gravity measurement of onion dried to different 
moisture contents indicated that shrinkage increased as drying pro- 
gressed and at the end of dehydration it was over 89%. Rehydration 
rates at 25 and 40°C were also determined and found to be inde- 


pendent of drying conditions. 
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A method of analysis suitable for routine qualitative and quantita- 
tive determinations of the volatiles of fresh and processed onion was 
developed following a comparison of techniques for analyzing onion aroma. 
The retention of four onion volatiles was then studied as a function of 
drying rate, location of the volatiles on the onion and several physical- 


chemical properties of the aroma components. 


The results of the study on aroma retention during dehydration re- 
vealed that aroma components are almost completely lost before the onion 
reaches a critical moisture content, at which point the volatiles are 
locked in. Accelerating the drying rate by increasing the air temperature 
enhanced percent volatile retention. This is consistent with both the 
microregion and selective diffusion concepts. On the basis of existing 
data obtained in model liquid foods, it was possible to explain reasonably 
well the behavior of similar volatile compounds as related to their initial 
solids and volatile concentrations. Evidence has also been presented that 
at the beginning of drying compounds with higher relative volatility are 


lost more rapidly than compounds with lower values. 


A rise in pungency of dehydrated onion with addition of cysteine was 
obtained, and it was time and temperature dependent. However, the com- 
plexity of the reactions involved in the release of volatiles in the pre- 


sence of cysteine warrants further study. 


In general, it has been found that Alberta-grown onions are capable 
of producing acceptable dehydrated products. However, the lower dry 
matter content of the Yellow Globe onion as compared to the White Globe 
puts the dehydrator of Alberta 'Yellow' onion at a distinct economic dis- 


advantage. Also, the well known short harvesting season and the need for 
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curing and storing Alberta-grown onions make onion dehydration in 


Alberta a distant possibility. 


Recommendations 
The amount of information developed to date and the relative 
Success achieved indicates that this work should be continued. 


Further work might include: 


Es Investigation of methods (infrared radiation, surface 
agent, laser, etc.) to speed up the formation of a selec- 


tive membrane for higher retention. 


yee Studies of the mechanisms of aroma transport and re- 
tention in other actual food systems and at practical 


conditions. 


ae Measurement of diffusivity, activity coefficients, vapor 
pressures, and diffusion coefficients of onion and other 


food aroma components. 


4, Investigation of methods to intensify the aroma of 


concentrated foods. 
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Appendix 1. 
Adsorption isotherms of dehydrated onion at 10, 30 and BELC. 


10°c 30°C 45°c 
bie M3 Ay -3 
"ww o(kg H.,0/100 g DM) fw (kg H,0/100 g DM) "wv (kg H0/100 g DM) 
if 3.03/3.19/3:108 “0.1F | 126171.6071.84 
-24 = =4.80/4.99/5.00 0.32 5.64/5.73/5.84 
-33 7.00/6.90/6.93 0.52 8.99/9.14/9.15 
Bae 2 bee0/ 1129S lel. 29s 3/2829129.2 
B60 922.5/02 11/2253 6970286" S4.1/53.9/55.1 
~ P52) 930.3/730.9/29°7 
-89  50.3/49.4/51.8 


11 0.61/0.64/0.63 
23h) 66/1.6371.67 
-31 4.20/4.08/3.99 
51 6.40/6.41/5.89 
piaaucOe 2/2075) 20.7 
82 48.3/48.6/48.5 
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Appendix 3. 
Sorption of water vapour by dehydrated onion (1), amorphous sucrose (2), 


crystalline sucrose (3), sugar fraction (4) and nonsugar fraction of 
onion (5) at 30°C. 


X X X X), X 


1 2 3 5 
: (kg H,0/ (kg H,0/ (kg H.0/ (kg H,0/ (kg H,0/ 
W kg DM) kg DM) kg DM) kg DM) kg DM) 
0.255 0.043 0.051° 0.008? 0.041 0.010 
0.375 0.065 0.090 0.013 0.072 0.018 
0.540 0.095 0.164 0.015 0.131 0.033 


A Iglestas et ai. (1975); 
: Lonein et al. (1968); Audu et al. (1978). 
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Appendix 4. 


Sorption of water vapour by dehydrated onion (1), amorphous sucrose (2), 
crystalline sucrose (3), sugar fraction (4) and nonsugar fraction of 
onion (5) at 45°. 


*(1) see 03) XH) ats} 
(kg H,0/ (kg H,0/ (kg H,0/ (kg H,0/ (kg H,0/ 
ow kg DM) kg DM) kg DM) kg DM) kg DM) 
0.110 0.0063 0.017° 0.003> 0.0136 0.0034 
0.245 0.018 0.052 0.008 0.0416 0.0104 


O35 0.041 0.059 0.012 0.0472 0.0118 
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einen ee al. (1968); Audu et al. (1975). 
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Appendix 5. 
Evaluation of Dire? Biot number and Fourier number 


In order to evaluate D it is necessary to proceed as follows: 
e 


t 

be From the drying curve (X vs. 6) select an experimental value for 
X and the corresponding value for 9 

2s Employing the Gurney-Lurie chart containing the parameter k-L/ 
Dore = B. as a function of kK 6/L = Fo and (X - X )/(X, - x.) = 
y (Figure A.1 inset), obtain the values of B and Fo for the 
corresponding y. 

3. Plot Fo vs. Bi for any given value of y (See Figure A.1) 

4, Calculate the value of k * 6/L = Fo for the experiment in 
question, and plot this value in correspondence of 1/8... The 
intercept of the two lines provides the solution. 

Example: 


X = 4 kg H,0 kg D.M.; 6 = 1440s; k. = 4.0 x 10°? mo/s: 


2 
Xe = 0.0125 kg H,,0/kg Dithes Xo = 6.77 kg H,,0/kg D.M. 


Therefore 


= CANES z 
i cae FS Le 0.59 kg H,,0/kg D.M. 


From the Gurney-Lurie chart for y = 0.59 


w 
i} 


CPOs sre 0 Ose nO poe) .0,, 2.050550, 10.0, © 

Bento eo te 0.6/5). 0.41, 0.25, 0.20, 0.13 
Plot Fo vs. B. on 3 x 3 cycles log graph (Figure A.3.1) 
6 
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0.75 x 10 


x 1440) yee Rhee 
3 3. 


That is, when Fo = 7.68 B. = 1 and when Fo = 0.77 B, = 10. The 


two lines intercept at B. = 56 and Fo = 0.14. But B. = k L/D eg: 
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Figure A.1. Graphical method for the evaluation of Deff> B. and Fo. 
The inset was reproduced from Carslaw & Jaeger (1959). 
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Appendix 6. 


Effect of moisture content on the specific gravity of onion slices 
dried at three temperatures. 


Specific gravity (g/cc) 


kg H,0/kg D.M. 4o°c 50°C 65°C 
6.77 1.095 + 0.014° 1.095 + 0.014 1.095 + 0.014 
h 00 lelto-* 0.012 1.121 = 0.017 1.130 # 0.011 
3.00 1.115 + 0.011 1.140 + 0.011 1.160 * 0.012 
1.86 Taljte e010 1.185 + 0.020 1.230 + 0.007 
1.22 1.185 + 0.020 1.220 + 0.008 1.260 * 0.009 
0.82 1.250 + 0.010 1.260 + 0.013 1.300 * 0.020 
0.54 1.290 + 0.015 0.296 + 0.011 1.370 + 0.011 
0.33 1233322202017 1.331 £ 0.015 1.390 + 0.019 
0.18 1.340 + 0.015 1.370 + 0.020 1.421 + 0.010 
0.05 1.360 + 0.020 1.390 + 0.016 1.440 + 0.025 


® standard deviation. 
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Appendix 7. 


Calculation of shrinkage from specific gravity measurements. 


1. Volume of fresh onion (Vo) = 6.77 kg H,0 + kg solid ell 
Oo 
sh Pad é 
= 7.77 kg x 1/1.090 kg/m = 7.096 m 
2. Volume of onion at 9 (V) = 7 
Vo- Vo 
3. Shrinkage (S) = ——— 
Oo 
V 
Shy pe Lae 
4, L= J ) Ly 


fe) 


For experiment at ho°c and 8.1 me /min air flow rate 


3 3 


V_ = 7.096 m, V = 1/0, = 1/1.360 = 0.375 m; 


_ (7.096 - 0.735) . . : 
S$ iz, 07096 ae 100 89.6% 


(-) . = 0.735/7.096 = 0.104 m, 
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Appendix 8. 


Derivation of Equation (7) 
Approach | 

By definition, y, the mole fraction in the gas phase, equals the 
product of x, the mole fraction in the liquid phase, and a coefficient, 
ee Y; is the mole fraction of a volatile, i, in the gas phase, and 
Xi the mole fraction of i in the liquid phase, and if Ye and xe denote 
the mole fractions of water in the gas and liquid phase, respectively, 


the relative volatility, a._, is defined by a, = k./k_. 
io io hao 


If the total volume of the headspace system used in this work is 
denoted by Ve and the volume of the space occupied by the gas and liquid 


phases by V. and V respectively, and if it is assumed that the total 


G Le 


pressure, Pro equals the sum of the atmospheric pressure, Po, and the 


saturation pressure of pure water, Ee it followstthat Ve = Ve + Ve and Pl 
S 


We = V+ 3V_. 


As half of the system was liquid and half vapor, Ve G 7 


=P +P 
Oo 


The injection of known volumes of liquid, Vio and vapor, Vee phases 


in the GC unit results in a peak area, A> for i in the liquid phase, 

and a peak area, Aq» for i in the gas phase. The mass of i in the gas 
“ is equal to kA a> and the mass of i in the liquid phase, m 
is equal to kA) From this it follows that the concentration of i in 
the gas phase, es 


phase, m 


G? is equal to kA./V¢ and the concentration in the liquid 
phase Ou is equal to kA /Y, kg/m. Consequently, the mass of i in the 

i 
G 


phase equals the product of Ge and Vie The number of moles of i in Vee 


gas phase equals the product of C. and Ve and the mass of i in the liquid 


wee equals mo/M. and that in V ny equals m, /M, where M. is the molecular 


[Sa 
weight of i. 
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| The concentration of the volatile, i, in the solutions was very 
small (5 - 500 ppm), hence, if it is neglected, the number of moles of 


: a fe) 
water in the solution, n> equals Vi P/M? where Py and Mi are the 


density and molecular weight of water, respectively. The total number 


of moles of i and o in the gas phase, nn + 


Pa, Vain rey Risei O35 14"%x 10? J/K kmole, and T is in K. 


» equals P V/RT, where PL is in 
The mole fraction of volatile i in the gas phase, y;, equals ng/ne and 
the mole fraction of i in the liquid phase, Xe, equals ny /m, Also, 


S = 3s 
% equals Pil Pe and ~ f= 1]. Substituting, 


i fe) 
k = aa mae e at = rat e ak e pie 
i x ak if Ve AL MP (A.1) 
G i 
Ss 
y P 
ko = + (A.2) 
fe) T 
k. A. Vb RT fi, 
a. = 1: = Ger e re e S (A.3) 
io 
fe) G L MP 


But if it is assumed that the water vapor follows the gas law, the density 


of water vapor at T, Yee equals M ° (P°/RT) ; the term RT P/M Po 
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P 1/9 and at 25°C a =k + 4.333 x ide 
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Approach 2 

If the vapor concentrations of a volatile, i, when dissolved in 
water, are denoted by Lite and [HO], and BF bi, and [H,0], denote the 
corresponding liquid concentrations, and M. and M denotes the molecular 
weight of i and water, respectively, the mole fraction of i in the 
vapor phase equals ( Lil /(LiT M,) + (LH0] /M ) and the mole 
fraction of i in the liquid phase equals (Lid, /m.)/(Ci], 7M.) + (TH 0], /M 
The ratio of mole fractions (liquid/vapor) equals (Li]/M.) . (m./Lil, ) . 

C(Lidm,) + (LH,0], 718) /L(Li1/m,) + (CH,01,/18)] 


The concentration of the volatile, Lil,. in the solution was very 
small, compared to the concentration of water [H,0]) hence if it is 
neglected, the concentration of water [HO], equals 1000 g/L. Therefore, 


if the ratio is denoted by a. 


a 
a = : [H,0], /18 8 Cid, ie qooors 
Lily CEM yet Ore 71 Gil TE 
iT, 7™,) + (1H,o1,71 (A. 4) 


if bile is small compared [H,0],, 


Ci, 1000 
i. TI, c THO], (a .5) 


and,as at 25°C 1 liter of air saturated with HA0 contains 2.305 x {de g 


k 
of HO, a. | = hor e435 8 AO. 
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Appendix 9. 


Morphology and Histology of Onion 

The onion bulb consists of several white, fleshy, modified leaf 
bases or scales surrounding by pigmented membranous scales. All the 
scales form complete layers, appearing as concentric rings in cross 
sections (FigureA. 2-B). The outer scales are dry and papery, conse- 
quently, inedible; the inner scales, thick and fleshy. There are white, 
yellow and red varieties, the color being chiefly in the dry scales and 


outer fleshy scales. 


The scales are made up of an outer epidermis, several layers of 
mesophyll parenchyma cells, vascular tissue with spiral vessels, and 
an inner epidermis. In the subepidermal cells of the dry scales, single 
prismatic crystals of calcium oxalate, reaching 50.u in length occur 
(Parry, 1969). These crystals are a metabolic end-product and are 
seldom found in the fleshy scales of mature onion. The latex tubes of 
ducts (Figure A. 2-C) containing a milky fluid occur at intervals 
between the subepidermis and the mesophyl!. Strictly speaking, they are 
not tubes but large sacs arranged end to end. They are forms of excre- 
tory or secretory cells, the latex being the extruded material. The 
tubes are single and distributed at regular distances usually separated 
by 2 to 4 parenchyma cells. The mesophyll, which, with the exception of 
the vascular bundles, includes all the cells between the outer and inner 
epidermis, is composed of thin-walled cells with living protoplasm and 
a nucleus. The fibro-vascular bundles occur in the inner part of the 
mesophyll, and have conduction and-support functions. They are composed 


of two kinds of tissue of fundamental importance, xylem and phloem. The 
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xylem and phloem are composed of elongated cells (Figure A.2-G). 

adapted to the movement of materials throughout the plant. The four 
principal types of cells in xylem are fibres, tracheids, vessels and 
parenchyma. Tracheids and vessels conduct water and also contribute to 
the mechanical strength of the xylem (Cutter, 1969). Fibres are in- 
volved in mechanical support only. Parenchyma cells function in storage 
and lateral transport. In onion the vessels are largely spiral with 
variable bands. Annular and reticulated vessels are also present. The 
most important conducting cells of the phloem are the sieve-tube elements, 
so called because of the presence of sieve-like openings in the end and 
frequently on the side walls. The vascular bundles are surrounded by a 
tight sheath of parenchyma cells, the bundle sheath (Figure A. 2-D and A.2-G) 
The cells of the sheath in onion are elongated parallel to the veins and 
have living protoplasm and thin walls. Inter-cellular spaces are lacking 
between the cells of the sheath and between these and the enclosed 
vascular bundle. The sheath.cells are in intimate contact with the 
mesophyl cells, and all the materials moving from or into the vascular 


bundles must pass through this sheath (Wilson & Loomis, 1967). 


There are indications that the onion volatiles precursors, trans- 
(+) -S-(l-propenyl)-L-cysteine sulfoxide, (+)-S-methyl-L-cystein sulfoxide 
and (+)-S-propyl-L-cysteine sulfoxide, are located in the latex tubes 
(Rendle, 1889). However, according to Helm (1956) the oil] is present in 


the epidermic cells and vascular bundle cells. 
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Onion bulb sections with zones of tissue designation 
pertinent to the present study. (A) Longitudinal section 
of bulb. (B) Cross section of bulb. (C) Cross section 
of scale. (D) Cross section through a scale vascular 
bundle. (E) Surface view of outer epidermis. (F) 
Surface view of inner epidermis. (G) Longitudinal 
section of vascular bundle. 
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